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ABSTRACT

The present Supplement to the Sepond Addendum (1986) to the document Air Quality
Criteria for Particulate Matter and Sulfur Oxides (1982) focuses on evaluation of newly
available controlled human exposure studies of acute (<1 h) sulfur dioxide (SO,) exposure
effects on pulmonary function and respiratory symptoms in asthmatic subjects. The
Supplement more specifically: (1) incorporates by reference and concisely summarizes the
most important key findings on the same topic from the previous criteria 'revicws in the 1982
Criteria Document and its 1986 Second Addendum, as they pertain to derivation of health

criteria for a possible new “acute exposure” (<1 h) primary SO, National Ambient Air

Quality Standard (NAAQS); and (2) provides an updated assessment of new information that
has become available since completion of the 1986 Second Addendum and is of likely
importance for derivation of health criteria for any such short-term SO, NAAQS. Thus, this
Supplement is not intended as a comprehensive detailed review of all new information on
SO, effects, but rather is targeted explicitly on those human studies thought to provide key
information useful to U.S. EPA decision making regarding a <1-h SO, NAAQS.
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SUPPLEMENT TO THE SECOND ADDENDUM (1986)
TO AIR QUALITY CRITERIA FOR PARTICULATE
MATTER AND SULFUR OXIDES (1982):

Assessment of New Findings on Sulfur Dioxide
Acute Exposure Health Effects in Asthmatic Individuals

1.0 INTRODUCTION __

The United States Clean Air Act and its Amendments (1977, 1990) mandate that the
U.S. Environmental Protection Agcncy (U.S. EPA) periodically review criteria for National
Ambient Air Quality Standards (NAAQS) and revise such standards as appropriate. Earlier
periodic review of thé scientific basés underlyin_g the NAAQS for pai'ticulate matter (PM)
and sulfur oxides (SO,) culminated in the 1982 publication of the U.S. EPA document Air
Quality Criteria for Particulate Matter and Sulfur Oxides (U.S. EPA, 198235, _an' associated
PM staff paper (U.S. EPA, 1982b) that examined implications of the revised criteria for.
review of the PM NAAQS, an addendum to the criteria document assessing further
information on health effects (U.S: EPA, 1982c), and another staff paper .relating the revised
scientific criteria to the review of the SO, NAAQS (U.S. EPA, i982d). Based on the
criteria document, addendum, and staff papers, revised 24-h and annual-average standards for
PM were proposed (Federal Register, 1984a) and public comments on the proposed revisions
received both in written form _and orally at public hearings (Federal Register, 1984b).
Subsequently, a Second Addendum to the 1982 PM/ SO, Criteria Document was prepared and
published in 1986. The Second Addendum (U.S. EPA, 1986) included evaluation of
numerous new studies that had become available since completion of the earlier PM/SO,
criteria document, its addendum, and associated staff papers (U S. EPA, 1982a,b,c,d), -
eniphasizing assessment of those key new studies likely to have important bearing on
dévclopment of criteria to support decisionmaking on PM or SO, NAAQS revisions.

The evaluations contained in the fomgoing criteria document, addénda, and staff papers
ultimately provided scientific bases for establishment (Federal Register, 1987) of new 24-h
and annual average PM NAAQS set at: 150 pg/m3 (24 h) and 50 pg/m3 (annual) for
particulate matter less than 10 um aerodynamic diameter‘(PMlo). In addition, U.S. EPA

1
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published a proposal (Federal Register, 1988) to retain the current primary NAAQS for
sulfur dioxide (SO,) (i.e., 365 pg/m3 {24 h]) and 80 pg/m3 [annual)) along with a call for
public comment on possibly adding an even shorter term (1-h) SO, NAAQS to protect
against health effects in asthmatic individuals associated with very acute exposures to SO,.
The most crucial information supporting consideration of possible setting of an acute
exposure standard éited by the 1988 proposal were recent findings from controlled human

exposure studies concerning: (1) exposure-response relationships for SO,-induced

‘bronchoconstriction and respiratory symptoms in asthmatic subjects; (2) the severity of such

effects, which might' vary in intensity as a function of the preexisting disease severity (mild

to severe asthma), and (3) other factors (e.g., medication use) that'might alter such

SO,-induced responses.
Since the Second Addendum (1986) was completed, several new controlled human

1 exposure studies have become available that further evaluate acute (< 1-h) SO, exposure

effects on asthmatic individuals and provide pertinent additional information useful 1n
supporting U.S. EPA decisionmaking on whether a new short-term SO, NAAQS is needed
and, if so, the appropriate form and level of such a standard. Accordingiy, the present
supplement: (1) incorporates by reference and summarizes the most important key findings
from the above previous criteria reviews (U.S: EPA, 1982a,c, 1986) as they pertain to
derivation of health-related criteria for a possible new "acute exposure” (<1-h) primary
SO, NAAQS; and (2) provides an updated assessment of newly available information of
potential importance for derivation of health criteria for any such new short-term SO,
standard.

This document is intended to be considered in conjunction with the extensive 1982 _
Criteria Document (U.S. EPA, 1982a) and its earlier Addenda (U.S. EPA, 1982c, 1986).
Much background material was presented in these previous documents and is not repeated in
this supplement; the reader is therefore encouraged to read such background material to
become more fully informed. The material presénted here focuses mainly on the assessment

of selected new information regarding controlled exposure of asthmatic subjects to SO,,
along with concise summarization and discussion of certain information on the "natural
history” of asthma 1n order to place the SO, effects in context in relation to variations in

respiratory responses otherwise often experienced by asthmatic subjects.



2.0 BACKGROUND INFORMATION ON ASTHMA
The information discussed below on the health effects of SO, in asthmatic individuals 1s

derived from controlled human exposure studies which are often used to study the effects of
single (or multiple) inhaled pollutants such as SO,. Such studies may be performed in
environmental chambers where the subjects are free to breathe as they would in the ambient
environment or studies may be conducted using mouthpiece or facemask systems where the
subjects are required to breathe through the mouthpiece or facemask. In addition to the
concentration of SO,, these studies also permit accurate determination of the duration of
exposure and the volume of inspired air containing SO,. Other factors such as exercise and

air tcmperature and humidity, which can alter responses, can also be controlled.

Exercise alone may have some important confounding effects, parucularly in the case of
exercise-induced bronchoconstriction in asthmatic individuals, which can be indexed by
significant decrements in spirometric variables or increments in airway resistance. Exercise-
induced bronchoconstrncuon is followed by a refractory period of several hours during which
asthmatic individuals are less susceptible to bronchoconstriction (Edmunds et al., 1978).

This period of refractoriness can alter the subject’s responsiveness to SO, or other inhaled
substances. The major external determinants of the exposure "dose" of a pollutant are the
concentration of pollutant, the duration of the exposure, and the volume of air breathed
(specifically, the route, depth, and frequency of breathing) during the exposure. Further
information is necessary to determine the actual dose delivered to the various "target" regions
of the respiratory tract (i.c., total respiratory uptake) and is not discussed in this document.

In controlled human exposure studies, the methods used for assessment of respiratory
effects primarily involve "noninvasive" procedures. Lung function tests such as spirometric

measures of lung volumes, measures of resistance of lung or nasal airways, ventilation

volume (volume of air inhaled into the lung), breathing pattern (frequency and depth of
breathing), and numerous other "breathing” tests have been utilized (Bouhuys, 1974). These
tests provide useful information about some of the basic physiological functions of the lung.
Dynamic spirometry tests (forced expiratory tests such as forced expiratory volume in 1 s
[FEV,], maximal and partial flow-volume curves, peak flow measurements, etc.) and specific
airway resistance/conductance measurements (SR,y, SG,y) provide information primarily

about large airway function. These "standard pulmonary function” tests are relatively simple
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to administer, provide a good overall index of lung function, and have a relatively low
coefficient of variation (CV). For FEV,, the CV is about 3% and for SR, ., the CV is about

10 to 20% for normal healthy subjects’.

- Measurements of spirometry (FEV,, etc.) and peak flow are also commonly used in
clinical practice to assess lung function, especially in patients with respiratory disease such as
asthma. Measurements of airway resistance with a body plethysmograph may be used in
clinical evaluations but, because of the cost, complexity, and size of the equipment required,
they are more often conducted in research laboratories or major medical centers. The
coefficient of variation for SR,,, measurements tends to be somewhat higher in patients with
lung disease than in healthy individuals (Skoogh, 1973; Pelzer and Thompson, 1966). Both

asthmatic and healthy patients experience a circadian variation in lung function, with the

poorest function (i.e., lowest FEV, and highest SR,,) being experienced in the early

‘morning hours (4 to 6 AM) and the best function (i.e., highest FEV, and lowest SR, )

occurring in the mid-afternoon (2 to 4 PM). The oscillations can vary by £5 to 10% about
the daily mean in asthmatic subjects (this means that FEV, could be as much as 20% higher
at mid-afternoon as opposed to early morning although the typical range is about 10 %), but
are typically smaller in healthy subjects. Similar variations in SR, ,, may result in SR,
bt;:ing about 40% higher in early morning than at mid-afternoon in asthmatic subjects
(Smolensky et al., 1986). | '

Circadian variations in lung function in asthmatic individuals have been reviewed by
Smolensky et al. (1986). They discuss that the chronobiology of asthma is, in part,
associated with other body rhythms having a circadian periodicity, such as cortisol.,
Catecholamines, vagal tone, etc. Daily variability of lung function is a typical feature of
asthma and has been used as a predictor of airway hyperresponsiveness (Higgins et al.,
1992). For a group of subjects selected because they had ever experienced wheezing, the
90th percentile for variability in peak flow (expressed as the [lowest PEF — highest PEF] +
mean PEF) was 17.6%. The mean amplitude of variability for those who had wheezed in

- the past week was 10%.

'CV is the average coefficient of variation for a number of subjects tested mulitiple times. CV = S.D./mean X

100% for each individual. These are calculated for tests conducted a the same time of day so that circadian
variations should not be included. |
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2.1 DEFINITION AND INCIDENCE OF ASTHMA
The Expert Panel Report from the National Asthma Education Program of the National

Heart Lung and Blood Institute (NIH, 1991) has recently defined asthma as:

" Asthma is a lung disease with the following characteristics: (1) airway obstru ction that is
reversible (but not completely so in some patients) either spontaneously or with treatment,
(2) airway inflammation, and (3) increased airway responsiveness to a variety of stimuls.

About 10 million people or 4% of the U.S. population are estimated to have asthma
(NIH, 1991). The prevalence is higher among African Americans, older (8- to 11-year-old)
children, and urban residents (Schwartz et al., 1990). The true prevalence of asthma may be

somewhat higher than determined by epidemiologic surveys since some individuals with mild
asthma who have never been treated by a physician may be unaware of the fact that they
have asthma (Voy, 1984). Depending upon the definition of asthma, some estimates of
prevalence may be as high as 7 to 10% of the U.S. population (Evans et al., 1987).

There is a broad range of severity of asthma ranging from mild to severe (see Table 1,
reproduced from NIH, 1991). Common symptoms include cough, wheezing, shortness of
breath, chest tightness, and sputum production. A positive response (skin test) to common
inhalant allergens and an increased serum immunoglobulin E are common features of asthma.
However, not all asthmatic individuals have allergies (although estimates range as high as
80%) and a large number of healthy individuals who have allergies (approximately 30 to
40% of healthy individuéls) do not develop asthma (Weiss and Speizer, 1993). Asthma is
characterized by an exaggerated bronchoconstrictor response to many physical challenges
(e.g., cold or dry air; exercise) and chemical and pharmacologic agents (e.g., histamine or
methacholine). Notably, however, bronchial hyperresponsiveness is not synonymous with
asthma (Weiss and Speizer, 1993). Asthma is typically associated with airway inflammation
and epithelial injury (NIH, 1991; Beasley et al., 1989; Laitinen et al., 1985; Wardlaw et al.,
1988). Based on laboratory findings (Deal et al., 1980) asthma symptoms are expected to be
exacerbated by cold dry weather, although such an effect of ambient cold on asthma

morbidity has not been clearly demonstrated. Approximately 50% of childhood asthmatic




Virually daily wheezing. Exacerbations

Frequency of _
exacerbations . frequent, often severe. Tendency to have
1-2 times/week. than 1-2 umes/week. Could have sudden severe exaceibations. Urgent visits to
history of severe exacerbations, but hospital emergency departments or doctor’s
infrequent. Urgent care treatment  office > 3 times/year. Hospitalization
in hospital emergency department > 2 times/year, perhaps with respiratory
or doctor’'s office <3 times/year. insufficiency or, rarely, respiratory failure and
. ~_ history of intubation. May have had cough
, syncope or hypoxic seizures. -
Frequencyof Few clinical signs or Cough and low grade wheezing Continuous albeit low-grade cough and
symptoms symptoms of asthma between between acute exacerbations often wheezing almost always present.
exacerbations. present.
Degree of exercise Good exercise tolerance but  Exercise wolerance diminished. Very poor exercise tolerance with marked
tolerance - may not tolerate vigorous limitation of activity.
exercise, especially prolonged |
running. |
Frequency of Symptoms of nocturnal Symptoms of noctumnal asthma Considerable, almost nightly sleep interruption
nocturnal asthma asthma occur no more often  present 2-3 times/week. due to asthma. Chest tight in early moming.
than 1-2 times/month. | |
School or work Good school or work School or work attendance may be  Poor school or work attendance.
sttendance attendance. affected.
Pulmonary function
¢ Peak Expiratory PEFR > 10% predicted. PEFR 60-80% predicted. PEFR < 60% predicted.
Flow Rate (PEFR)  Variability' <20%. Variability 20-30%. Variability > 30%. |
* Spirometry Minimal or no evidence of Signs of airway obstruction on Substantial degree of airway obstruction on
airway obstruction on spirometry are eviden:. Flow spirometry. Flow volume curve shows marked
spirometry. Normal volume cuive shows reduced concavity. Spirometry may not be normalized
expiratory flow volume expiratory flow at low lung even with high dose steroids. -‘May have
curve; lung volumes not volumes. Lung volumes ofien substantial increase in lung volumes and marked
increased. Usuallya >15% increased. Usually a > 15% unevenness of ventilation. Incomplete
response to acute aerosol response to acute aerosol reversibility to acute aeroso! bronchodilator
bronchodilator administration, bronchodilator administration. administration.
~ even though baseline near
normal. _
* Methacholine Methacholine PC, Methacholine PCyg between 2 and  Methacholine PCy0 < 2 mg/mL.
sensiyvity > 20 mg/mL. 20 mg/mL.

B. After optimal treatment is established

Response to and Exacerbations respond to Periodic use of bronchodilators Requires continuous, multiple around-the-clock
duration of therapy  broncodilators without the use required during exacerbations for  drug therapy including daily conticosteroids,
of systemic corticosteroids in  a week or more. Systemic steroids either acrosol or systemic. often in high doses.
12-24 h. Regular drug usually required for exacerbations
therapy not usually required  as well. Continuous around-the-
except for short periods of .  clock drug therapy required.
time. Regular use of anti-inflammatory
agents may be required for
prolonged periods of time.
"Characteristics are general; because asthma is highly variable, these characteristics may overlap. Furthermore, an individual may switch

into different categories over time.
b‘Variability,r means the difference either berween a momi
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there are exceptions.

Source: National Institutes of Health (1991).




individuals later experience remission of their disease as adults, although, an early age of
onset and the presence of atopy make this less likely (Weiss and Speizer, 1993). ' .

' In a group of child and adolescent moderate asthmatics studied over a period of 22 mo

(Van Essen-Zandvliet et al., 1992), approximately half of those on beta-agonist therapy alone

experienced one or more exacerbations of their asthma requiring treatment with prednisolone.

The incidence of exacerbations was much less (about 15%) for those on a combined regimen
of inhaled torticosteroids and beta-agonist. Weitzman et al. (1992) reported that 10% of a
national sample of children (<18 years) with asthma (U.S. National Heaith Interview
Survey, 1988; total n = 17,100; asthmatic n = 735) were hospitalized within the past year.
Based on a total of 450,000 hospitalizations for asthma and an estimated U.S. population of
10,000,000 asthmatics, the incidence of hospitalization for all asthmatic subjects is about
45 per 1,000 asthmatics (=4.5%/year) (NIH, 1991). Attendance at hospital emergency
rooms for asthma in Vancouver, Canada, averaged 350 per 100,000 population or 350 per
4,000 asthmatics (= 8.9%/year)’ based on an estimated prevalence of 4% and accounted for
1.2% of all emergency room visits.

For _asthmatic individuals who experienced an asthma attack causing them to seek
. treatrnent.by a physician, the rate of hospitalization based on the National Asthma Attack
Audit in the United Kingdom (1991 to 1992) was 12% (Neville f;t al., 1993). Asthma attack
rates in general practice in the United Kingdom suggest an incidence of asthma attacks
(requiring medical intervention) of <1/asthmatic patient-year (Ayres, 1986). Although
asthma attacks occurred throughout the year, there was a tendency for the highest rates to
follow the seasonal elevation of grass pollen. Schwartz et al. (1993) found fall and spring
peaks for hospital admissions for asthma in Seattle. However, rates did not differ for
summer and winter, as also shown by Bates and Siszto (1986) in Ontario, Canada. Based on
the Los Angeles asthma panel data (EPRI, 1988), only 15% of mild asthmatics see a |
physician annually for their asthma compared to about 67% of the moderate asthmatics. The
United Kingdom national asthma attack audit reported an attack rate of 14 per 1,000 patients
(or 14 per 40 asthrnatics), suggesting an attack rate of <1 asthrﬁatic patient/year (Nevill
et al., 1993). A similar attack incidence was estimated by Van Essen-Zandvliet et al. (1992)
and Lebowitz et al. (1985) for U.S. asthma patients.




Schoettlin and Landau (1961) reported an asthma attack frequency among a group of
asthmatic patients currently under a physician’s care for asthma. The daily asthma attack

rate was 25% of all person-days. However, 95% of all attacks were classified as mild, and
40 of 137 patients had fewer than 4 attacks in 14 weeks. Only 4% of all attacks were
attributed to exertion. Zeidberg et al. (1961) also reported that, for 85 asthmatic patients
followed for 43 days, the mean asthma attack rate was 0.133 per patient day or an average of

just less than once a week. .
Death due to asthma is a rare event; about two to four deaths annually occur per

1,000,000 population or about one per 10,000 asthmatic individuals. Mortality rates are

- = unfer aww
L '

higher among males and are at least 100% higher among nonwhites. Indeed, in two large
" urban centers (New York and Chicago) mortality rates from asthma among nonwhites may
exceed the city average by up to five-fold and exceed the national average by an even larger
factor (Sly, 1988; Evans et al., 1987; NIH, 1991; Weiss and Wagener, 1990; Carr et al.,
1992). The mortality rate from asthma in the East Harlem neighborhood of Manhattan
. (49 per million population) was approximately 10-fold greater than the national average.
The economic impact of asthma is substantial. McFadden (1988) estimates that asthma
results in 27 million patient visits, 134,000 hospital admissions, 6 million lost work days,
and 90 million days of restricted activity. In 1975, a cost of $292 million was estimated for
medication alone. In 1987, there were 450,000 hospital admissions for asthma, a rate of
approximately 45 per 1,000 asthmatics (NIH, 1991). |
Asthmatic persons who participate In controlled human exposure studies typically have

mild allergic asthma. In many cases, these individuals can go without medication altogether

or can discontinue medication for brief periods of time if exposures are conducted outside
their normal allergy season. The most 1 common participants are young adult white male and
female college and high school students. Black and Hispanic adolescents and young adults
have not been studied systematically. Thé extent to which groups of asthmatic individuals
who participate in controlled exposure studies reflect thé characteristics of the asthmatic
population at large is not known. Subjects who participate in controlled cxposurc' studies are
generally self-selected and this could conceivably introduce some bias. However, the high

degree of consistency among studies suggests that the subjects are generally representative of



the population at risk or that any selection bias is consistently present across a diverse group

of laboratories.

2.2 MEDICATION USE BY ASTHMATIC IN'DIVIDUALS

The extent to which asthmatic individuals, especially the mlld asymptomatic individuals

who constltute the majority of asthmatics and who often serve as subjects in these StUdlCS
exercising outdoors is unknown. Most mild

may use prophylactic medication prior to
asthmatic persons only use medi ication when symptoms arise. National Heart Lung and

Blood Institute guidelines (NIH, 1991) for treatment of chronic mild asthma recommend use
of beta-agonists on an as needed (prn) basis. The results of an analysis of activity patterns,
symptoms, and medication use of a panel of 52 asthmatic subjects 1n Los Angeles are in
accord with these recommendatlons (Roth et al., 1988) One third of the mild asthmatic
patients studied had not used any asthma medication within the past year, and fewer than half
used an inhaled bronchodnlator at least once during the past year. Furthermore, only 20% of
~ the moderate asthmatic patients studied used an inhaled bronchodilator on a regular basis.
Thus the frequency of use of beta-agomst bronchodilator medication varies widely among
asthmatic individuals and is related, at least in part, to the sevei'ity of their disease. For
example, in a rural community in Australia, Marks et al. (1992) reported that 12% of the
asthmatic residents had never used a bcta-agomst and that only 38% had used a beta-agomst

‘additional treatment if beta agonists are used on a daily basis.

Medication compliance for those on a regular medication regime varies conmdcrably
among asthmatic patients (from none to full compliance). Average compliance figures are
rcported to range from approximately 50 to 70% (Weinstein and Cuskey, 1985; Partridge,
1992: Smith et al., 1984; Smith et al., 1986), although Klingelhofer (1987) reports a range

of 2 to 83% among children with moderate to severe asthma, based on his review of eleven

studies of medical compliance. Given the infrequent use of medication by many mild
asthmatic individuals and the poor medication compliance of 30% to 50% of the "regularly
medicated" asthmatic patients, it appears that a substantial proportion of asthmatic subjects
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would not likely be "protected" by medication use from impacts of environmental factors on

their respiratory health. However, the frequency of use of medication (bronchodilators)
specifically prior to engaging in outdoor activity cannot be confidently extrapolated from

epidemiologic data on medication compliance. Thus, the relative number of persons who

may be protected by medication prior to exercise is unclear.

3.0 SUMMARY OF PREVIOUS FINDINGS ON SO, EFFECTS

Key controlled human exposure studies of SO, respiratory effects published in the
scientific literature from 1982 to 1986, as reviewed in the Second Addendum (U.S. EPA,
1986), are summarized in Appendix Table A-1. Those studies were found to support and
extend many of the conclusions reached in the earlier PM/SO, Criteria Document (U.S.
EPA, 1982) and its previous Addendum (U.S. EPA, 1982c). -

More specifically, the additional studies evaluated in US EPA (1986) clearly showed
that asthmatic subjects are much more sensitive to SO, as a group than are nonasthmatic
individuals. Nevertheless, it was clear that a broad range of sensitivity to SO, existed among
asthmatic subjects exposed under similar conditions. Those studies also confirmed that
normal healthy subjects, even with moderate to heavy ekeré'isé, do not experience effects on
pulmonary function due to SO, exposure in the range of 0 to 2 ppm. The minor exception
may be the annoyance of the unpleasant smell or taste associated with SO,. The suggestion

that asthmatic individuals are about an order of magnitude more sensitive than healthy,

nonasthmatic persons was thus confirmed.

The studies reviewed in the Second Addendum (U.S. EPA, 1986) further substantiated

that normally breathing asthmatic individuals performing moderate to heavy exercise will

- experience SO,-induced bronchoconstriction when breathing SO, for at least 5 min at

concentrations less than 1 ppm. Durations beyond 10 min do not appear to cause substantial

worsening of the effect. The lowest concentration at which bronchoconstriction is clearly

worsened by SO, breathing depends on a variety of factors.

Exposures to less than 0.25 ppm were found not to evoke group mean changes in

responses. Although some individuals may appear to respond to SO, concentrations less than

0.25 ppm, the frequency of these responses was not demonstrably greater than with clean air.

10



The Second Addendum (U.S. EPA, 1986) also noted that, in the SO, concentration
range from 0.2 to 0.3 ppm, six chamber exposure studies were performed with asthmatic
subjects performing moderate to heavy exercise. The evidence that SO,-induced
bronchoconstriction occurred at such concentrations with natural breathing under a range of
ambient conditions was equivocal. Only with oral mouthpiece breathing of dry air
(an unusual breathing mode under exceptional ambient conditions) were small effects

observed on a test of .questionable quantitative relevance for criteria development purposes.

These findings are in accord with the observation that the most reactive subject in the

Horstman et al. (1986) study had a PCSO, (SO, concentration required to double SR,,) of

0.28 ppm.
The Second Addendum (U.S. EPA, 1986), however, went on to note that several

observations of significant group mean changes in specific airway resistance (SR;, ) had then
recently been reported for asthmatic subjects exposed to 0.4 to 0.6 ppm SO,. Most, if not
all of the studies, using moderate to heavy exercise levels (>40 to 50 L/min), found

evidence of bronchoconstriction at 0.5 ppm. At a lower exercise rate, other studies (e.g.,

Schachter et al., 1984) did not produce clear evidence of SO,-induced bronchoconstriction at

0.5 ppm SO,. Exposures that included higher ventilations, mouthpiece breathing, and

inspired air with a low water content resulted in the greatest responses. Mean responses

ranged from 45% (Roger et al., 1985) to 280% (Bethel et al., 1983b) increases in SR, .

At concentrations in the range of 0.6 to 1.0 ppm, marked increases in SR,,, were observed

following exposure, and recovery was generally complete within approximately 1 h, although
the recovery period may be somewhat longer for subjects with the most severe responses.

It is now evident that for SO,-induced bronchoconstriction to occur in asthmatic
individuals at concentrations less than 0.75 ppm, the exposure must be accompanied by
hyperpnea (deep and rapid breathing). Ventilations in the range of 40 to 60 L/min have been
most effective; breathing at these levels typically involves ordnasal ventilation (breathing
through mouth and nose). Oral breathing (especially via mouthpiéce) clearly caused
exacerbation of SO,-induced bronchoconstriction. New studies reviewed in the Second
Addendum (U.S. EPA, 1986) reinforced the concept that the mode of breathing is an

important determinant of the intensity of SO,-induced bronchoconstriction in the following

~order: oral > oronasal > nasal. A second exacerbating factor implicated in the

11
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then-reviewed néw reports was the breathing of dry and/or cold air. It was not clearly
established whether exacerbation of SO, effects was due to airway cooling, airway drying, or
some other mechanism. |

The new studies _reviewed in the Second Addendum (U.S. EPA, 1986), unfortunately, -
did not provide sufﬁciegit additioﬁal information to establish whether the intensity of the
SO,-induced bronchoconstriction depended upon the severity of the disease. The studies
available at that time more specifically indicated that, across a broad clinical range from ,
"normal” to "moderate” asthmatic subjects, there clearly existed a relatiohship between the
presence of asthma and sensitivity to SO,. However, within the asthmatic population, tﬁc
relationship of SO, sensitivity to the qualitative clinical severity of asthma had not been
systematically studied. It was noted that ethical considerations (i.e., continuation of
appropriate medical treatment) generally prevent the unmedicated exposure of "severe"
asthmatic individuals because of their dependence upon drugs for control of their asthma.
True determination of sensitivity requires that the interference with SO, response caused by
- such medication be 'rémoved. Because of these mutually exclusive requirements, it was
thought unlikely that the "true” SO, sensitivity of severe asthmatic individuals could be
determined, although it was noted that more severe asthmatic patients should be studied if
possible. Alternative methods to those used with mild asthmatic individuals, not critically
dependant on regular medica_tiqn, were noted as being required to assess asthmatic
individuals with severity of disease ranging to beyond the "mild to moderate" level (i.e.,‘
moderate to severe asthmatic persons).

Studies reviewed in the Second Addendum (U.S. EPA, 1986) also indicated that
consecutive SO, exposures (repeated within 30 min or less) result in a diminished response
compared with the initial exposure. It was apparent that this refractory period lasts at least
30 min, but that normal reactivity returns within 5 h. The mechanisms and time course of
this effect were not yet clearly established, but the refractoriness did not appear to be related
to an overall decrease in bronchomotor responsiveness. These observations suggested that
the effects of SO, on airway resistance and spirometry tend to be brief and do not tend to
become worse with continued or repeated exposure. Nevertheless, the issue of repeated or

chronic exposure to SO, in asthmatic individuals remained to be more definitively addressed.

12
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Overall, then, based on the review of studies included in the Second Addendum, it was

clear that the magnitude of response (typically bronchoconstriction) induced by any given
SO, concentration was highly variable among individual asthmatic subjects. Exposures to
SO, concentrations of 0.25 ppm or less, which did not induce significant group mean
increases in airway resistance, also did not cause symptomatic bronchoconstriction In
individual asthmatic subjects. On the other hand, exposures to 0.40 ppm SO, or greater
(combined with moderate to heavy exercise), which induced significant group mean increases

in airway resistance, did cause substantial bronchoconstriction in some individual asthmatic
subjects. This bronchoconstriction was often associated with wheezing and the perception of
respiratory distress. In a few instances it was necessary to discontinue the exposure and
provide medication. The significance of these observations was that some SO,-sensitive
asthmatic subjects appeared to be at risk of experiencing clinically significant (1.e.,

symptomatic) bronchoconstriction requiring termination of activity and/or medical

_intervention when exposed to SO, concentrations of 0.40 to 0.50 ppm or greater, when such

exposure is accompanied by at least moderate activity.
The Second Addendum (U.S. EPA, 1986), therefore, clearly supported the premise that

asthmatic individuals are substantially more responsive to sulfur dioxide (SO,) exposure than
individuals without airways hyperresponsiveness. The extensive ‘exposure-response
information presented in the Addcndum indicated that exercising asthmatic subjects may
respond to brief exposures to SO, concentrations greater than 0.40 ppm, but little (if any)
response is observed with resting exposures at concentrations less than 1.0 ppm SO,.

Exposure durations of 5 to 10 min were found to be sufficient to stimulate a near maximal

bronchoconstrictive response. The median concentration, to which a large group of

" asthmatic subjects responded by doubling their specific airway resistance (over and above

that caused by air exposure and exercise alone), was 0.75 ppm (Horstman et al., 1986) as
depicted in Figure 1. Responses to SO, are amplified by oral breathing of SO,, by breathing
cold dry air in combination with SO,, and by the magnitude of either voluntary or exercise-
induced hyperpnea. However, repeated exposures to SO, result in a period of dimimished
responsiveness, also called a refractory period. In addition to SO,-induced changes in
respiratory function indicative of bronchoconstriction (namely increased airway resistance and

decreased FEV,) there were increased symptoms, most notably wheezing and a perception of
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Figure 1. Distribution of individual airway sensitivity to SO,, (PC[SO,]). PC(SO,) is
the estimated SO, concentration needed to produce doubling of SR, in each
subject. For each subject, PC(SO,) is determined by plotting change in
SR, corrected for exercise-induced bronchoconstriction, against SO,
concentration. The SO, concentration that caused a 100% increase in SR, IS
determined by linear interpolation. Cumulative percentage of subjects is
plotted as a function of PC(SO,), and each data point represents PC(SO,) for
an individual subject (see also the discussion of PC[SO,] in Section 3.3).

_ Source: Horstman et al. (1986).

respiratory distress. A small number of studies noted increased medication usage among

SO,-exposed asthmatic subjects, although no studies were specifically designed to study
medication use. The effects of some asthma medications on response to SO, were also
studied. It was shown that cromolyn sodium inhibited SO,-induced bronchoconstriction
(SIB) in a dose-related manner (Myers et al., 1986a). Also, albuterol, a §-sympathomimetic
drug, was shown to inhibit the response to SO, (Koenig et al., 1987).
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4.0 KEY NEW FINDINGS ON FACTORS AFFECTING RESPIRATORY

RESPONSES TO SULFUR DIOXIDE IN ASTHMATIC SUBJECTS

Since completion of the earlier Second Addendum (1986), a number of additional
studies have become available that provide further information with regard to various aspects
related to the induction by acute SO, exposure of respiratory effects in asthmatic subjects,
and the most salient findings from such studies are concisely discussed below. Key new
studies yielding important new information on SO, exposure-response relationships for

asthmatic subjects and factors affecting such relationships are summarized in Table 2.

4.1 EXPOSURE DURATION/HISTORY AS SULFUR DIOXIDE
DOSE-RESPONSE DETERMINANTS

Previous studies reviewed in the Second Addendum (U.S. EPA, 1986) found that the
bronchoconstrictive reSponsé to SO, has a rapid onset and reaches a peak response within
about 5 to 10 min. Two more recent studies have shown that significant responses can occur
o little as 2 min. Horstman et al. (1988) showed, in a group of 12 SO,-responsive
asthmatic subjects, that with 2 and 5 min of exercise (Vg = 40 L/min) exposure to 1.0 ppm
SO,, SR, increased by 121 and 307 %, respectively (percentages corrected for exercise-

- induced responses during exercise in clean air). Balmes et al. (1987) demonstrated an even
more rapid onset of bronchoconstriction in eight asthmatic subjects e:;posed to 1.0 ppm SO,
during eucapnic hyperpnea (=60 L/min) by mouthpiece. At 1, 3, and 5 min, they reported
SR,,, increases of 47, 349, and 534 %, respectively. They also showed significant increases
in SR, ,, after 3 (127%) and 5 (188%) min of exposure to 0.5 ppm SO,. In each of these
two studies, several subjects requested a bronchodilator to alleviate symptoms induced by the
“exposures; 7 of 8 subjects did so in the Balmes et al. (1987) study, as did 4 of 12 in the
Horstman et al. (1988) study. Additionally, two subjects were unable to complete the 5-min

exposures to 1.0 ppm in the Balmes et al. (1987) study.

Linn et al. (1987) concluded that exposure history to SO, (over the course of several
weeks as opposed to hours) was largely irrelevant. They did, however, observe, as had
Kehrl et al. (1987), that bronchoconstriction responses to a first exercise period within an

hour-long SO, exposure resulted in a diminished response in the second exercise period.
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This observation is in support of the concept of a refractory period from repeated SO,
exposures accompanied by exercise or hyperpnea.

Jérres and Magnussen (1990) examined the effect of 30 min of resting ventilation of
0.5 ppm SO, on a subsequent SO, ventilatory challenge. The SO, challenge involved
breathing 0.5 ppm SO, at progressively increasing levels of eucapnic hyperpnea. There was
no difference in response to the SO, challenge when it was preceded by breathing of SO,
while at rest. This is not surprising since breathing of <1.0 ppm SO, while at rest does not

typically cause changes in lung function or symptoms.

Overall, the above new results provide further evidence for the rapid onset of
respiratory effects in exercising asthmatics in response to SO,, ‘demonstrating that such
effects can occur within a few minutes (2 to 5 min) of initiation of SO, exposure. The
results also further confirm a refractory period for SO,-induced reépiratory effects, following
prior SO, exposure within the immediately preceding few hours that resulted in a
physiologically significant increase in airway resistence. This means that repeated SO,
exposures during a short time period do not lead to any greater manifestation of effects
beyond those seen immediately after the first SO, exposure. However, other evidence

indicates that much earlier SO, exposures (days/weeks ago) do not prevent or dampen effects

of subsequent SO, exposures.

4.2 SULFUR DIOXIDE RESPONSES AND ASTHMA SEVERITY

Another question left unresolved by studies evaluated 1n the 1986 Second Addendum
was the extent to which differential sensitivity might exist among SO,-sensitive asthmatic
individuals (with regard to lowest effective SO, exposure levels evoking significantly
enhanced bronchoconstriction and/or respiratory symptoms or the magnitude of such effects
observed at a given SO, exposure level), especially as a function of the severity of the
preexisting disease (from mild to severe asthma). Some newly available studies have
attempted to address this difficult issue.

Although in most studies of asthmatic individuals exposed to SO,, a change in specific
airway resistance (SR,,,) has been used as a measure of response, in other studies, a cﬁange
in FEV, was the response measure. In a few studies, data for both response measures have

been obtained. In order to provide an estimate of the comparability of the two response
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measures, the data of Linn et al. (1987 ,'1990) were used (actual data were obtained from
two project reports [Hackney et al., 1987, 1988]). In Table 3, the preexposure and

postexposure measurements for FEV, and SR, are shown for three different groups of

subjects after clean air exposure and after SO, exposure. Usmg these data, the comparability
of SR,,, and FEV, as physiologic measures of response can be estimated. Based on simple
linear interpolation, a 100% increase in SR, roughly corresponds to a 12 to 15 % decrease
in FEV, and a 200% increase in SR,,, corresponds to a 25 to 30% decrease in FEV,.

TABLE 3. COMPARISON OF MEAN SR,w AND FEV, RESPONSES TO AIR AND
SULFUR DIOXIDE EXPOSURE lN ASTI-IMATIC SUBJECTS

———am i ar T —- o —— —— - d o ———r—

[SO,] Pre-FEVI Post-FEV, a% FEV; Pre-SR,, Post-3R,;,

Linn et : |
low 0.0 1,907 = 1,634 -14.3 16.0 . 26.8  +68
normal 0.0 2,270 1,992 -12.2 7.9 14.0 +77 ¢
low 0.6 1,914 1,332 -30.0 13.3 40.9 +208
normal 0.6 2,264 1,584 -30.0 7.9 27.6 - +249
Linn et al., 1987
mild 0.0 2,962 2,908 -1.8 5.4 6.9 +29
moderate 0.0 2,473 2,278 -1.9 7.8 13.5 +73
mild 0.6 2,968 2,428 -18.2 5.4 13.7 +153

2,430 1,775 -27.0 8.1 24 .4 +201

modcrale 0 6

— —_,_—————— el e e —_— T ————— e B e *

ey e e BB e = [ ——— T —— PR T e R i = e il S| A e L ] S ==l LI S—_ _— ] —

bn = 21; low and normal refer to medication level.
n = 16 (mild), n = 24 (moderate), [SO,] in ppm, FEV; in mL, SR, in cm H,0O: L s-L.

Hackney et al. (1987) studied both (a) concentration-response relationships of SO, and
lung function, as well as (b) differences in response between normal, atopic, mild asthmatic
individuals and moderate/severe asthmatic individuals. All groups of subjects were exposed
to 0, 0.2, 0.4, and 0.6 ppm SO,. Each subject was exposed to each level on two different
occasions. These results were also reported in the published Linn et al. (1987) report. The
1-h e:xposures included three 10-min exercise periods. This study supported earlier
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investigations (Roger et al., 1985), in that the responses (especially of asthmatic subjects at
the highest concentration) tended to be greatest early in exposure (i.e., after the first
exercise) and‘ were possibly greater on the first round of exposures than on the second.
When the mild asthmatic subjects were compared with the moderate/ severe asthmatic
subjects, the FEV, decrement caused by exercise was greater in the moderate/severe

asthmatic subjects, and the combined response to exercise and SO, exposure resulted in a

greater overall decrease in FEV,. However, when the "exercise effect” was subtracted from

the overall FEV, response, the response to SO, was similar in the mild versus the

moderate/severe asthmatic subjects. Thus severity of asthma, as defined operationally in this

study (Hackney et al., 1987), did not influence the FEV, response to SO,.

However, this conclusion must be tempered by the fact that the moderate/severe
asthmatic subjects started the exposure with compromised function cornpared to the mild
asthmatic subjects. Thus, it is not clear that similar functional declines beginning from a
different baseline have the same biological importance (see Figure 2). Another possible
reason that the responses were not greater in the moderate/severe group is that there may
have been some persistence of medication, since this group was less able to withhold
medication and some of the medication normally used had effects that would persist beyond
the brief withholding period prescribed in this study. L

Based on an analysis similar to that of Horstman et al. (1986) (1 e., an analysis of the
median concentration at which the SR,,, was doubled, PC,00 SR,), Hackney et al. (1987)
estimated that the median PCjooSR,y, Was greater than 0.6 ppm. Pooling the data for mild
and moderate/severe asthmatic subjects and using only the first round of exposures, only
15 of 40 subjects showed a doubling of SR,,, at <0.60 ppm SO,. Based on Horstman
et al.’s (1986) cumulative frequency plot of PC,00SR,, 2gainst SO, concentration,
approximately 35% of asthmatic subjects would be expected to reach the PC;ooSR,,, at a
concentration of 0.60 ppm. Thus the 37.5% incidence (15/40) observed by Linn et al.
(1987) is consistent with Horstman et al.’s observations (see Table 4), despite the fact that
Linn et al.’s subject group included asthmatic individuals with more severe disease.

In comparing responses to SO, among asthmatic subjects of varying severity, the health
significance of the observed lung function responses would have been considered to be

greater had these responses persisted for several hours or days after exposure or if there had
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Figure 2.

SO, Increment
Exercise Increment
Baseline SR,,,

Moderate

0.0 0.4 0.6 00 . 04 0.6
' SO, (PPM)

Redrawn from Linn et al. (1987). SR,. of 16 mild (10 M, 6 F) and

24 moderate (10 M, 14 F) asthmatic subjects exposed to 0.0, 0.4, and

0.6 ppm SO,. The bottom segment of the bar illustrates the baseline SR_,;
the middle segment, the response to exercise; and the upper segment, the

increase in SR, due to SO, exposure. Overall bar height indicates SR,
after SO, exposure. At 0.6 ppm, after adjustment for SR, increase due to

exercise in 0.0 ppm, the percentage change in SR_ as a result of SO,

exposure is 124% in mild asthmatic subjects and 128% in moderate asthmatic

SO, increment

X 100%
baseline SR, i

subjects, expressed as:

been a persistent change in airway responsiveness. However, it was concluded in the

‘Hackney et al. (1987) report that there were no persistent functional or symptom effects and

that SO, did not alter airway responsiveness.

Linn and coworkers (1990) examined the effects of different levels of medication in a

group of moderate asthmatic individuals dependent on regular medication for normal lung
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TABLE 4. ESTIMATES OF SULFUR DIOXIDE RESPONSES

IN ASTHMATIC SUBJECTS -
- Asthma® L/min® Fraction® PCSOZ':l
Horstman (1986)  Mild . Chamber 40 14/27 0.75
Linn (1987) ' Mild/moderate Chamber 40 15/40 0.60
Magnussen (1990)  Mild/moderate  Mouth 30 16/45 0.50

H e

[R— —rE—Ty—— - - ————
—— e i ] T = e ke B ..—-.n..-.-—_-,.-.—_-_-.-.-.,_u_-.u-..__u—.- e ———T——— S———— (e i F— - —r— u.

2 ysthma is the rating of asthma severity.

b1 /min is the ventilation and exposure method.
CEraction is the number of subjects with 100% increase.
dpCSO, is the [SO;) at which SR, was doubled.

function. These subjects had a similar response 1o 0.6 ppm SO, as observed in moderate
asthmatic subjects ih a previous study (Linﬁ et al., 1987). The somewhat greater increase In
SR, (approximately fourfold versus apprqximately threefold) in the more recent study may
be due to the slightly higher exercise ventilation rate (about 50 L/min versus 40 L/min).
There was a weak correlation of the baseline SR,,, with the response to SO, (r = 0.35) when
the subjects from the 1987 and the 1990 studies were cotnbined. Therefore, baseline
function may not be a good predictor of response to SO,. Subjects were exposed to three
levels of SO, in this study: 0.0, 0.3, and 0.06 ppm. These exposures occurred under three
different medication levels: (1) normal; (2) reduced or "low" medication (normal
medications withheld for 48 h for antihistamines, 24 h for oral bronchodilators, and 12 h for
inhaled bronchodilators), and (3) enhanced medication (an additional dose of metaproterenol
(i.e., 0.3 mL of 5% Alupent}). The responses are illustrated In Figure 3 and Table 3.
When medication was withheld, baseline lung function deteriorated (e.g., FEV, fell about
350 mL). Exercise alone caused slightly less than a 300 mL decrease in FEV,, and

0.6 ppm SO, caused a significant further decline in FEV,. Although the absolute FEV, was
lower after SO, exposure in the low medication condition, the decrement caused by SO, was

similar to that seen in the normal medication state.? The lower absolute level of FEV, in

2Based on a previously released project report [Hackney et al., 1988], baseline FEV; fell from about 2,270 mL
in the normal medication state to about 1,910 mL in the low medication state. The average decrease in FEV,
resulting from exercise in clean air was similar in the two conditions: —273 and —278 mL in the low and normal
states, respectively. The overall decrease in FEV, was —582 and —680 mL, respectively, in the two conditions,
leaving an SO, effect (total FEV, decrease ~ exercise in clean air effect) of —309 and —402 mL, respectively.
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Low 0.0 Low 0.6 Norm0.0 Norm 0.6 High0.0 High 0.6

Medication Level

. Redrawn from Linn et al. (1990). FEV, responses to SO, (0.6 ppm) exposure
in medication-dependent asthmatic subjects. Horizontal dashed lines
represent preexposure FEV, and horizontal solid lines are postexposure. The
vertical bar indicates change with exercise or exercise plus SO, exposure.
Three medication states were used: Low = withdrawal of all medication for
. at least 12 h; normal = typical medication level (mostly theophylline and
inhaled beta-agonist but no steroids); high = supplemental metaproterenol
before exposure. Exposures lasted 10 min. Standard error of the mean
change in FEV, due to exposure to SO, and exercise was about 100 mL for

the SO, exposures.

the unmedicated subjects would be cause for additional concern. However, with
supplementary metaproterenol, the effect of SO, was greatly diminished (about 5% lower
postexercise FEV, for the 0.6-ppm SO, exposure versus air-only exposure under
supplementary [high] metaproterenol conditions). In comparison to the normal medication

baseline, moderate/severe asthmatic subjects who withheld medication had an overall

As a percentage of the preexposure resting measurement, these reflect a decrease of 16.1 and 17.8. %, respectively,
that can be attributed to SO,. If expressed as a percentage of the response after exercise in clean air, these
percentages would be —18.9 and —20.2, respectively.
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reduction of FEV, of about 40% from the combined effects of exercise, SO, exposure
(0.6 ppm), and the absence of their normal medication.

In comparing asthmatic individuals of different degrees of seventy, the metric used in
this comparison can greatly influence the conclusion that is drawn. It is not clear whether '
the most appropriate metric is (a) the absolute change in airway resistance or FEV, or (b) the
relative change. Small absolute increases around a low baseline SR, (usually in a well
controlled or milder asthmatic) result in large relative (i.c., percentage) changes in function,
whereas a much larger absolute change in function around a higher baseliﬁe may result in a
smaller relative change in function. The SR, data are particularly subject to this sort of
potential bias because of the larger range of baseline values, which may vary from 2 to
8 cm H20-*L"1 .s"l.L in healthy people or mild asymptomatic asthmatic subjects.

The manner in which a percentage change is calculated can greatly influence the
af:parent response. For example, the data of Linn et al. (1990) (see Table 3) for normally
medxcated subjects gives a percent change in FEV, with clean air exposure of —12.2% and
for 0.6 ppm SO, of -30.0% (calculated as [post-pre] + pre X 100%). If the response after
SO, exposure is corrected for the effect of exercise in clean air ({2,264 — [1,584 +
- (2,270 - 1,992)] + 2 1264} x 100%), the "SO," effect is —17. 8% (the same as the

difference between —30% and —12.2%). However, it could be argued that the SO, effect 1s

that additional change beyond the response in clean air and should be expressed relative to
post-clean air response. In this case, the result is ({2,264 — [1,584 + (2,270 — 1,992)] +
1,992} X 100%) or —20.2%. Corresponding calculations made for SR, responses give
pre- to post-increases of +77 and +249% for clean air and SO,, respectively. Correcting
for the clean air response gives an SO, response, as above, of + 172%. The SR, response,
if expressed relative to the post-clean air exercise response ({27.6 — [7.9 + (14.0 — 7.9)]

+ 14.0} x 100%) 1s +97%. Thus expressing the SO, response relative to the post-clean air

exercise response results in an apparently larger relative FEV, response and smaller relative

the post-exercise value.

Another approach to estimating responses would have been to express them in percent

predicted (e.g., FEV,). The advantage of such an approach would be that the functional
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level would be on a more "absolute" scale in terms of functional capacity, and thus would be
more relevant to the level of pulmonary disability than is a percent change from baseline.

The disadvantage is that the information necessary to determine the predicted level is not
always available. When the predicted levels are provided directly, additional variability is
introduced because there are a number of acceptable standards for prediction which vary

slightly from each other.

Magnussen et al. (1990) also studied the responses of 45 asthmatic mdlvxduals

(46 subjects are included in the list but data for only 45 are given) to 0.5 ppm SO, with

10 min of resting breathing followed by 10 min of eucapnic hyperpnea. Although this mode
of exposure has previously been shown to overestimate responses that would occur in natural
(oronasal breathing) exposure, it is interesting to note that the group mean response was an
increase of SR, from 6.93 to 18.21 cm HZO'L'I-S'I-L (also referred to as SR, "units").

After correcting for the increase in SR,,, due to hyperventilation, (=45%; from 6.27 to
9.10), the increase in SR, (8.65) as a percentage of the mean baseline (6.60) is 131%.

However, only 16 of the 45 subjects experienced at least a doubling of SR,,,, indicating that
the large mean change is driven by much larger changes in a small group of subjects Based
on the cumulative frequency distribution of PC;00SR,,, versus SO, concentration of '
Hortsman et al. (1986), approximately 25% of the subjects would be expected to have a
doubling of their SR, at an SO, concentration of 0.50 ppm. The somewhat larger fraction
(36%) in this group of subjects (see Table 4) may be due to the fact that SO, was inhaled via
a mouthpiece, which is known to increase SO, responses. Also 16 subjects were on inhaled
or oral steroid medication (only 6 of the 16 who doubled SR, ., used steroids). These
subjects WOuld likely be considered to have more severe asthma than those studied by either
Linn et al. (1987) or Horstman et al. (1986).

Magnussen et al. (1990) also found only a weak correlation (r = 0.47: R = 0.22)
between histamine response and SO, response to changes in SR,,,. They concluded that
nonspecific bronchial responsiveness (NSBR) to histamine is a poor predictor of response to
SO,. A number of investigators (Roger et al., 1985; Linn et al., 1983b; Witek and

'Schachter, 1985) have reported a weak correlation between histamine or methacholine

responsiveness and functional responses to SO,. In these studies, it has generally been
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concluded that histamine or methacholine response is not a good predictor of responsiveness

to SO, among asthmatic subjects.

43 RANGE OF SEVERITY OF SULFUR DIOXIDE RESPONSES
" In order to place the changes in FEV; and SR, that result from SO, exposure into

broader perspective, responses to exercise and/or cold air breathing were compared under a
variety of conditions. The extent of exercise-induced bronchoconstriction is in part - -
dependant upon the intensity of the exercise (Table 5). As seen in this review and the
Second Addendum (U.S. Environmental Protection Agency, 1986), mild exercise alone under
normal indoor conditions results in small, if any change in FEV or SR,,,. For example,
after 10 min exercise at 40 L/min (=35% max), SR,,, increased 29% and FEV, decreased
by only 1.8% in one study (Linn et al., 1987); and, after 5 min exercise at a similar level,
SR, increased 67% in another study (Horstman et al., 1988). These are modest changes,
typically not accompanied by symptoms. NIH guidelines (1991) suggest that a decline of
15% in FEV, indicates the presence of exercise-induced bronchoconstriction. At higher
“exercise intensities (60 to 85% of maximum), FEV, decreases range from 10 to 30%
(Anderson and Schoeffel, 1982; Anderson et al., 1982; Fitch and iVIorton, 1971 Strauss
et él., 1977). With the combination of exercise and inhalation of dry subfreezing air, the
decrease in FEV; may reach 35 to 40% (Strauss et al., 1977; Smith et al., 1989). Inhalation
of warm humid air during exercise markedly reduces or eliminates exercise-induced
decreases in FEV, (Anderson et al., 1982) or increases in SR,,, (Linn et al., 1984, 1985).
Balmes et al. (1987) stated that the responses to 5-min exposures to 1 ppm SO, were
qualitatively similar, in terms of symptoms and function changes, to "maximal acute
bronchoconstrictor responses” from other nonimmunologic stimut (i.e., cold/dry arr,
hypertonic saline, histamine, or methacholine). This opinion is based on the responses of a
small number of subjects who had striking responses to SO,. This study was not designed to
evaluate maximal responses. '

The magnitude of functional responses of asthmatics to a variety of physical, chemical,
biological, and environmental stimuli varies widely. Mild exercise in mild asthmatics may
produce modest changes in pulmonary function (< 10% decrease in FEV,) in the absence of

symptoms or breathing difficulty. On the other hand, functional responses of patients
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TABLE 5. COMPARATIVE RESPONSES OF ASTHMATIC SUBJECTS TO

COLD/DRY AIR AND EXERCISE: FORCED EXPIRATORY VOLUME IN ONE

Author
VALY & A% 1 _-1.,

Linn et al. (1985)

vDical o

Linn et al. (1984b)

Bethel et al. (1984)

Linn et al. (1987)

Horstman et al. (1988)

Anderson and Schoeffel (1982)

Anderson et al. (1982)

Fitch and Morton (1971)

Strauss et al. (1977)

Smith et al. (1989)

— . ————————
T, MT ST B Bl B s e T ™

o655 AN

A _.'_ wl 0L

~ SECOND (FEV,) AND SPECIFIC AIRWAY RESISTANCE (SR,

- [ — T ST T L) — g e e+ el e Bl -

Conditlons
udies
Exercise 5 min at
VE == 50 UIIIi!l
(a) 21 °C, dry
(b) 38 °C, humid

Exercise 5 min at
\'fE = 50 L/min
(a) -6 °C

b) 7 °C

(c) 21 °C, humid

Eucapnic hyperpnea
Vg = 30-50 L/min for 3 min

(a) ambient humid
(b) cold/dry

10 min at 40 L/min

5 min = 40 L/min
(mean of two tnals)
Mild asthmatics

*
J18C

60-85% VOz peak (predicted) for
6-8 min (exercise)

70% predicted max. exercise 6-8
min: (a) 23 °C (b) 31 °C, humd

Exercise 80-85% max.

=75% predicted
max exercise

900 kpm 3-5 min
‘VE = 90 L/min
(a) ambient

(b) sub-freezing air

75% max exercise 5-10 min

VE = 42 L/min

-5 °C air, dry

Children and adolescents (medlan
age 14 years)

R b r—r—————

o ———— e ———— ————————ramle e R L T

[ — T TR TWE RN LTy

Responsc

(a) SR,,, +21%
(b) SRaw -4%

(a) SR,y +94%

(b) SR,,, +59%
(c) SR,,, +28%

(a) SR,,, +3%
(b) SR,,, +18%

(a) SR,,, +29%
(b) FEV, -1.8%

SR, +67%

20-25% decline in FEV,

(a) FEV; -35% +13%
®) FEV, —10% +9%

FEV, —28 to —31%

(a) FEVI -20%
(b) FEV, —40%

FEV; —20 to —25%

"NIH guidelines suggest a decrease of >15% in FEV, as a diagnostic criteria for exercise-induced asthma.
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seeking emergency treatment for asthma are striking (Lim et al., 1989; Fanta et al., 1982,
Hilman et al.. 1986). The average FEV, in a group of 16 subjects treated in a hospital
emergency room was 41+9% predicted. In another study of subjects with acute severe
asthma, the average FEV; when first measured was 21+5% predicted. Fanta et al. (1982)
reported a mean FEV, of 38% predicted for a group of 102 asthmatic patients treated in a

hospital emergency room. Although none of these groups constituted a clearly representative

population sample, they do illustrate the severity of functional responses (i.e., FEV,
decrements of —60 to —80% of predicted) observed in asthmatic patients seeking emergency

One diagnostic procedure used in evaluation of asthma is measurement of airway
responsiveness. Airway inhalation challenges to histamine or methacholine are typically used
to determine the inhaled dose of these drugs which causes a 20% decline in FEV, (Cropp
et al., 1980; Chatham et al., 1982: Chai et al., 1975). Responses are rapidly induced
(within 1 to 2 min), recovery is typically complete within an hour or so, and there are no
sequelae. Asthmatics are much more responsive to these nonspecific (i.e., non-allergenic)

stimuli; the concentration required to evoke a response is typically 1/10 to 1/100 that

Airway responses to these non-specific stimuli can vary widely over time (i.e., many
months). Significant circadian or daily variations also occur. Other factors which can alter
airway responsiveness include occupational exposures (0 chemicals such as toluene

- diisocyanate or plicatic acid, exposure to allergens such as ragweed or dust mites, or viral
respiratory tract infections (Clough and Holgate, 1989). In contrast {0 non-specific stimuli,
airway challenge with specific allergens to which the patient is sensitized cause both an acute
response, and In many cases, a delayed or "late phase" response. The acute responsc 1S
somewhat slower to develop (10 to 20 min) and slower to resolve (1 to 2 h) than for the non-
specific stimuli. A late phase response, which occurs in 30 to 50% of allergic asthmatics,
can be of even greater magnitude than the acute responsc and resolves with a variable and

often prolonged time course (Cockcroft, 1987).

In terms of its behavior as an airway stimulant, SO, acts similarly to other non-specific

" stimuli. It induces a response within a few minutes and the response resolves spontaneously
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within an hour or so. There is no reported late phase response to SO,, and SO, exposure
does not induce a change in non-specific bronchial responsiveness. Because of the rapid
; ‘ | onset and recovery, the responses to non-specific stimuli are thought to be due to constriction
‘ of airway smooth muscle. Unlike histamine and methacholine inhalation challenges which
are not followed by a refractory period (Beckett et al., 1992) , there is a refractory period
- after SO,-induced bronchoconstriction. Similarly, exercise or hyperventilation (cold air)
challenges are followed by a refractofy period (Bar-Yishay et al., 1983; Haas et al., 1986).
A 20% reduction in FEV, is typically associated with symptomatic complaints of chest

tightness and/or wheeze as well as other complaints associated with dyspnea. Killian et al.
(1993) showed that there is a wide range of perception of dyspnea after a 20% decrease in
i FEV,, rated from O to 9 on a 10 point scale. Breathing difficulty at this level of FEV,

: reduction corresponded to that at about 60 to 70% of maximum exercise level. Furthermore,
# perception of dyspnea is not a good index of functional status. Some patients with near-fatal
i

asthma attacks had a poor perception of their breathing difficulty and were thus unable to

perceive an attack of severe bronchospasm (Kikuchi et al., 1994).

4.3.1 Severity of Sulfur Dioxide Respiratory Function Responses

:
‘i As with all biological responses, there is a range of response to SO, in asthmatic
l - individuals irrespective of the other factors that influence response magnitude such as
t concentration, duration, ventilation, exercise, air temperature, air dryness, etc. Some
| subjects experienced small or minimal functional responses to SO, exposure especially at
relatively low SO, concentrations. Four studies presented sufficient published individual data
5 to estimate the range of reSponsés in terms of post exposure SR, in the most responsive
quartile of subjects. The moét responsive subjects (3 of 12) in Horstman et al. (1988)
- exposed for 5 min to 1.0 ppm had SR_,,’s ranging from 55 to 71 cmH,0-s. In the Linn
’ et al. (1988) study, the most responsive subjects (5 of 20) had SRaw’s ranging from +18 to
-. +122 cm H,O - s, when exposed in the untreated condition to 0.6 ppm SO, for 10 min.
* In the Linn et al. (1990) study (10 min at 0.6 ppm), the most fesponsive subjects (35 of 21)
i on normal medication had a range of response from 46 to 76 cmH,0"s representing an
increase of 420 to 1,090%. When normal medication was withheld, this range increased to

66 to 95 cmH,0-s. In the Linn et al. (1987) study of mild and moderate asthmatic subjects

™
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(0.6 ppm for 10 min), the range of response for the most responsive quartile (10 of 40) was
21 to 118 cmH,0-s. This represents an increase of SRy, ranging from 390 to 1,600%.

Additional, more detailed information is presented in Appendix B (Table B-1) with
regard to the range of severity of respiratory function changes observed among asthmatic
subjects exposed to SO, in selected recent controlled exposure studies, i.e., those by Roger
et al. (1985) and Linn et al. (1987, 1988, 1990). Of most interest are Table B-1 entries
concerning: (1) average magnitudes of pulmonary function changes (SR,.,; FEV;) measured
at different tested SO, exposure concentrations under moderate exercise cbnditions, and

(2) percentages of asthmatic subjects exceeding cutpoints for defining ranges of effects of

increasing severity (magnitude) and potential medical concern as a function of SO, exposure
levéls. '

The data presented in Table B-1 indicate that the average magnitudes of responses
(FEV, deérease_s; SR,,, increases) due to SO, at 0.4 and 0.5 ppm are not distinguishable, for
either mild or moderate asthmatic subjects, from the range of noﬁnal variation often
experiencé_d by asthmatic persons during a given day, i.e., up to 10 to 20% lower FEV; In
early morning versus the afternoor and up to 40% higher SR, (see discussion on page 4).
Nor are the average changes due to SO, at 0.4 or 0.5 ppm particularly distinguishable from
- the range of analogous average pulmonary function changes observed among asthmatic
persons in response to cold/dry air or moderate exercise levels (see Table 5). Even taking
the combined effects of exercise and SO, exposure at 0.4 and 0.5 ppm, the average total
lung function changes generally do not reach magnitudes identified as being of much medical
concern. Similarly, at 0.4 and 0.5 ppm, only relatively small percentages (generally < 10 to
25%) of tested subjects exhibited marked responses to SO, (after correction for exercise) that
both (a) very markedly exceeded typical daily variations for lung function measures for
asthmatic persons or functional changes displayed by them in response to cold/dry air or
moderate exercise levels and (b) reached magnitudes falling in a range of likely clinical
concern (i.e., SR,,, increases 2200% and FEV| o decreases =20%). However, as
discussed in U.S. EPA (1986), it should be noted that Bethel et_al. (1984) reported a
significant interaction between oral hyperventilation of cold dry air and 0.5 ppm SO, via
mouthpiece that resulted in a >200% increase in SR, whereas breathing SO, In warm

humid air or breathing cold dry air alone resulted 1n a <40% change in SR,,,. This
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ﬁuggests that airway cooling and drying may exacerbate SO,-induced airway constriction in
hypcrventilating asthmatic subjects, but insufficient data exist by which to estimate the
magnitude of any combined effects of joint SO, and cold, dry air exposure under more
natural free-breathing conditions during exercise.

In contrast to the patterns seen at 0.4 and 0.5 ppm, distinctly larger average lung
function changes were observed at SO, exposures of 0.6 ppm and higher. Of particular

' importance is that the average total changes due to combined effects of exercise and SO, are

at the upper end of or exceed (a) the range of typical daily variations in FEV,, and SR_, and

-~ (b) average magnitudes of changes seen in such measures in response to cbld/dry air and

moderate exercise levels. Also, at 0.6 ppm or higher SO, concentrations, substantially

higher percentages of tested subjects exhibited lung function changes due to SO, that

- approach or reach levels of medical concern. For example, in response to 0.6 or 1.0 ppm

SO, exposure under moderate (40 to 50 L/min) exercise conditions, 25 to 55% of both mild

~and moderate asthmatic subjects exhibited FEV decrements in excess of —20% and SR,

increases that exceeded 200% after correction for exercise. Changes of this magnitude
clearly exceed the maximum 20% FEV, and 49% SR,,, variations often experienced by
asthmatic subjects during a given dajr. Similarly, approximately 15 to 35% of moderate
asthmatics exposed at 0.6 or 1.0 ppm SO, experienced FEV, decrements in excess of —30%
and SR, increases above 300% due to SO,, after correction for exercise. Respiratory

function changes of such magnitude in response to SO, clearly fall into a range of medical

concern, especially if accompanied by increased respiratory symptoms (e.g., wheezing, chest

tightness, shortness of breath, etc.) rated as more severe than due to exercise alone.

4.3.2 Severity of Respiratory Symptom Responses to Sulfur Dioxide
The symptoms associated with responses to SO, are typical of those experienced by

asthmatic individuals when bronchoconstriction occurs in response to any one of a number of
nonimmunologic provocative stimuli. Unfortunately, in most published reports, the
quantitative or qualitative description of symptoms is often insufficient for the purpose of
comparison between studies. Linn ‘et al. (1987) presented a total score for the sum of

12 symptoms in subjects exposed to 0.2 to 0.6 ppm SO,. Symptoms were higher in the

moderate than in the mild asthmatic subjects, as would be anticipated. In addition, there was
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a trend for symptoms to increase with increasing SO, concentration. About 25% of
asthmatic subjects rated their lower respiratory symptoms (wheeze, dyspnea, etc.) 20 points
higher (on a 40 point scale) after exposure to 0.6 ppm SO,. A 20-point increase represents a

change of a previously "mild" symptom to "severe” or the new appearance of "moderate”

symptom. Four of 24 moderate/severe asthmatic subjects required a reduced exercise level
because of asthma symptoms at 0.6 ppm SO,. This happened only once at each of the other

(lower) concentrations. Analogous findings of distinctly higher and more serious
symptomatic response at 0.6 ppm SO, than at lower concentrations (0.2 or 0.4 ppm) were

reported by Freudenthal et al. (1989), based on comparisons of respiratory symptoms and

lung function changes of varying magnitudes derived from detailed evaluation of raw data

(N = 23) from an earlier Linn et al. (1983) study. Freudenthal et al. (1989) grouped absent,

minimal, and mild symptom levels (as designated by Linn et al.) into an "insignificant”
category, and defined two symptomatic response categories as follows: (1) annoying (going
from a pre-exposure symptom level of "insignificant” to a post-€xposure symptom level of
"moderate" or "severe"); and (2) performance-limiting (going from a pre-€xposure symptom
level of "insignificant" or "moderate” to post-exposure level of "severe"). The subjective
symptom responses were labeled according to the symptom score descriptions given by Linn
et al. (1983). Distinctly higher numbers of subjects reported annoying symptoms at 0.6 ppm
SO, during exercise (=50 L/min) than at 0.2 or 0.4 ppm SO, exposure (none at 0.2 ppm)
regardless of the associated level (25%, 100%, 200%) of SR,,, increase in response to SO,.
Even more indicative of 0.6 ppm SO, being a concentration of likely concern was the fact
that none of the subjects reported performance-limiting symptoms at 0.2 or 0.4 ppm SO,
(regardless of associated level of SR,,, increase), whereas at least one subject reported
performance-limiting symptoms in associaiion with SO,-induced SR,,, increases of 25, 100,
and 200%, respeétively.

Horstman et al. (1988) presented data for two individual symptom categories, wheezing
and shortness of breath-chest discomfort for subjects exposed to 1.0 ppm SO, for 2 and
5 min. Wheezing was strongly associated with an increase in SR,,, (r > 0.80) and the
severity of wheezing increased with increased duration of exposure. The four most
responsive subjects (n = 12) rated their _wl;cezing at either three or four on a four-point scale

(severe or intolerable wheezing was rated as four). Balmes et al. (1987) indicated all
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but one of their eight subjects developed wheezing, chest tightness, and dyspnea after 3 min
at 1.0 ppm SO, that was of sufficient magnitude in two subjects that they were unwilling to

undergo a subsequent S-min exposure.

In addition to the above published information, more detailed analyses by U.S. EPA
staff of data from recent studies of SO, effects in asthmatic individuals presented in
Appendix B (Smith 1994 memo) also show that substantially greater percentages of moderate
and mild asthmatics experienced moderate to severe respiratory symptoms at 0.6 or 1.0 ppm
SO, exposure during moderate (40 to 50 L/min) exercise than occurred in response to
comparable exercise alone. Similarly, much greater percentages of asthmatic subjects
experienced combinations of large lung function changes and severe symptoms in response to
SO, exposures than with exercise alone. In addition, up to 15% of mild or moderate
asthmatic subjects required reduced workload or termination of exposure at 0.6 ppm or

1.0 ppm SO,, whereas none exhibited diminished exercise tolerance with comparable

exercise alone.

4.4 MODIFICATION OF SULFUR DIOXIDE RESPONSE BY ASTHMA
MEDICATIONS

It was shown in the Second Addendum (U.S. EPA, 1986), and has been substantiated
more receritly, that common asthma medications such as cromolyn sodium and various beta,
adrenergic receptor agonists either reduce or abolish SO,-induced lung function responses in
asthmatic subjects. Since completion of that earlier Addendum, a number of medications
have been evaluated in various newly available studies for their efficacy in aliering responses
to SO, exposure, as summarized in Table 6. Some of these medications are routinely used to
treat asthma such as inhaled beta,-agonists (metaproterenol and albuterol), oral theophylline,
and inhaled steroids such as beclomethasone. Inhaled bronchodilator medications such as
metaproterenol and albuterol are the most widely used asthma medications (Kesten et al.,
1993). Information on the effects of some other lcss- widely used medications (e.g.,
ipratropium bromide, antihistamines, cromolyn sodium) are of interest from the point of view

that they may provide insight into mechanisms of response to SO,.
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Theophylline. Koenig et al. (1992) examined the effect of theophylline, an airway

smooth muscle relaxant, on SO, induced bronchoconstriction in a group of eight allergic mild

asthmatic subjects. There was a trend for the FEV, response to be smaller when the subjects

took theophylline, but because of the small sample size and the variability of the responses,
the trend did not reach statistical signiﬁcaﬁce. However, total respiratory resistance was
significantly less in the theophylline than in the placebo group after SO, exposure. The
mean decrease in FEV, in the placebo group (medication withheld for 1 week) was
approximately 0.5 L or about 16% and, in the theophylline group, was aBout 7%. Linn

et al. (1990) noted that subjects normally medicated with theophylline had similar responses
to SO, whether they had high or low blood levels of theophylline. This suggests that, with
typical medication levels, theophylline did not afford much protection from the effects of
SO,.

Koenig et al. (1989) examined the effects of 1 ppm SO, on a groep of 12 moderate
asthmatic individuals who were on chronic theophylline therapy. Subjects were exercised 1n
the morning 3 to 4 h after drug administration and on a different day in the afternoon, 8 to
" 10 h after drug, with no inhaler use within 4 h of exposure Mean theophylhne levels were
similar in the morning and the afternoon. There were no differences in FEV response to
SO, between morning and afternoon exposures. The change in FEV,, about —14 %, Was
similar to other studies where a placebo was evaluated under the same conditions. There was

en theophylline levels in the blood and FEV, decrements in response to

no correlation betwe

SO, exposure. The authors concluded that there was no protective effect of chronic

theophylline use on response to SO,.

Ipratropium Bromide. McManus et al. (1989) examined the effects of ipratropium
bromide (IB) (a muscarinic reeeptor [cholinergic] blocking agent) on a group of nonallergic
("intrinsic") asthmatic eubjects (age > 55 years). Although IB improved baseline lung
function, the fall in FEV, after exposure to 0.5 and 1.0 ppm SO, was similar to the response
with placebo. These subjects experienced an approximate 15% reduction in FEV, after
20 min of rest and 10 min of mild exercise (Vg = 26 L/min) at 1 ppm SO,. They
experienced about an 8.5% dr0p in FEV, from the resting exposure alone. Typically,

resting exposure has not produced appreciable responses, even with mouthpiece exposure
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systems, suggesting that these subjects could be more responsive to SO, than younger
ailergic asthmatic subjects studied under similar conditions (Koenig et al., 1983).

Inhaled Steroids. Wiebicke et al. (1990) recently examined the effects of regular
treatment over a 5-week period with an inhaled steroid (beclomethasone) and a beta-agonist
(salbutamol/albuterol) on nonspecific bronchial responsiveness to histamine, methacholine,
hyperventilation, and SO,. All medications were withheld for at least 6 h prior to any
challenge. Salbutamol treatment alone had no effect on responsiveness to standard challenges
with histamine or methacholine. The eucapnic hyperpnea challenge involﬁed a progressive
increase (steps of 15 L/min) in target ventilation (maintained for 3 min) until the SR,,,

increased by 75% above baseline. Breathing was performed via a mouthpiece with or

without SO, added to the airstream. Salbutamol treatment did not change the responses 1o

hyperventilation with air or with 0.75 ppm S0,. Combined treatment with salbutamol and
beclomethasone caused a reduction in baseline SR,,, and also reduced airway responsiveness
to methacholine, histamine, and hyperpnea with air. However, treatment with salbutamol
plus beclomethasone did not cause a significantly decreased response to SO,, although the

SO, response did tend to be less. The absence of an effect of salbutamol in this study is in

contrast to the significant reduction in SO, response with metaproterenol (Linn et al., 1988)
and albuterol (i.e., same drug as salbutamol) (Koenig et al., 198‘7) seen in other studies.
The suspension of drug treatment at least 6 h prior to any challenge exceeds the duration
(=2 to 3 h) of the peak therapeutic effect for salbutamol (Gilman et al., 1990). Any
persistent effect of salbutamol was apparently insufficient to alter SO, responses.

Beta Agonists. Linn et al. (1988) examined effects of metaproterenol on responses of
asthmatic subjects to 0.3 and 0.6 ppm SO,. Pretreatment with metaproterenol (dose
administered 5 min prior to pretesting) caused an improvement in baseline lung function
(increased FEV,; and decreased SR,;) and a reduced response to SO, exposure in an

‘environmental chamber. The estimated average SR,,, SO, response, adjusted for exercise-

induced bronchospasm (EIB), of no treatment and placebo treatment was a 66 or 166%
increase in SR, at 0.3 and 0.6 ppm, respectively. These percentages were derived by
taking the average aSR, ., reported by Linn et al. (1988) for untreated and placebo groups at
0.0 ([8.8 + 6.1] /2 = 7.45), 0.3 ([12.8 + 9.9] /2 = 11.95), and 0.6 ppm ({17.5 + 17.1] /2
= 17.3) as a percentage of the average baseline (5.94) and then subtracting the 0.0 ppm _
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from the 0.3 and 0.6 ppm responses (125, 191, and 291%, respectively). Metaproterenol
given prior to exposure blocked the responses to SO,. Symptoms were markedly reduced

but not eliminated. Following the 0.6-ppm SO, exposure with either the no-treatment or

placebo treatment condition, 9 out of 20 subjects needed medication to treat symptoms caused

by at least one of the exposures.
Koenig et al. (1987) studied a group of allergic adolescents with exercise-induced

bronchospasm but who were not classified as asthmatic (never wheezed except with exercise,
never used beta-agonist). These subjects exhibited a 14 % decrease, from post-placebo
baseline, in FEV, after 10 min of moderate exercise (34 L/min) at 0.75 ppm SO,. Albuterol
markedly attenuated the drop in FEV, caused by SO,, although it caused a modest (7%) but
significant improvement in baseline FEV,. These observations in a group of subjects not
previously identified as asthmatic suggest that the population at risk may be slightly larger

than suggested earlier. However, by the objective criteria presented in this paper, many

would classify these subjects as asthmatic.

Cromolyn Sodium. Koenig et al. (1988a) examined the effects of four different dose
levels of cromolyn sodium (a nonspeciﬁc mast cell degranulation inhibitor) on subjects
exposed to 1.0 ppm 802 for 10 min with exercise (Vg = 35 L/min). Subjects received
either 0, 20, 40, or 60 mg cromolyn 20 min prior to exposure to SO,. The SO, response
with the 20-mg dose was not significantly different than the response with the placebo.
However, the 40-mg dose caused a partial blockade, and 60 mg almost completely obliterated
the response to SO». These observations support the previous observations of Myers et al.
(1986a) that cromolyn sodium reduced responses to SO, in asthmatic individuals in a dose-
dependant manner. However, the Koenig et al. (1988) data are more relevant to clinically

acceptable doses of cromolyn.
Chlorpheniramine Maleate. Koenig et al. (1988b) evaluated the effect of an oral

antihistamine, chlorpheniramine maleate, on SO, responses in a group of allergic adolescents

with exercise-induced bronchoconstriction (but who had never been treated for or diagnosed
with asthma). Subjects were exposed to 1.0 ppm SO, via mouthpiece while exercising with
a ventilation of about 34 L/min. Medication was taken 12 h prior to exposure and included
placebo or 4 or 12 mg chlorpheniramine. The FEV, responses were similar under the three

conditions, with decrements of —11, —12.6, and —12.3%, respectively. The authors
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concluded that this oral antihistamine did not provide any protective effect from SO,-induced
bronchoconstriction in these allergic adolescent subjects. However, changes in nasal function

induced by SO, were blocked by antihistamine.
In the Second Addendum (U.S. EPA, 1986), medication usage after SO, exposure was

cited as an adverse outcome that could be quantified, as summarized in Table 7 based on
information reported in pertinent published studies. In the more recent studies, medication
use following exposure has been carefully noted. After 2- to S-min exposures to 1.0 ppm
SO,, 7 of 8 subjects in one study (Bélmes et al., 1987) and 4 of 12 in another (Horstman
et al., 1988) required bronchodilator medication after exposure. Two of the subjects in
Balmes et al. (1987) were unable to complete the 5-min exposure in addition to requiring
redication. Linn et al. (1988) found that 7 of 20 mild asthmatic subjects exposed to

0.6 ppm SO, needed medication to treat their symptoms following exposure, whereas only

2 of 20 did so after 0.3 ppm SO, exposure or after exposure to clean air at comparable

exercise rates.

TABLE 7. MEDICATION USE AFTER SULFUR DIOXIDE EXPOSURE"

T e——————E BRI sl e e

Proportion of Subjects Tested

| Typc of Medication After Using Medication After SO,
Reference Exposure Exercise in Clean Air Exposure (in ppm)
Bethel et al. (1984) Mouthpiece -0- 2/7 @ 0.5 ppm + cold
Koenig et al. (1985) Facemask 0- 2/10 @ 0.5 ppm
Linn et al. (1984a) Chamber - 1/24 @ 0.6 ppm
Linn et al. (1984D) Chamber 0- 3/24 @ 0.6 ppm
Linn et al. (1988) Chamber 2120 2/20 @ 0.3 ppm

7720 @ 0.6 ppm -
Linn et al. (1990) Chamber 13/21 (low) 6/21 @ 0.3 ppm (low med)
. 3/21 (norm) 521 @ 0.3 ppm (norm med)

12/21 @ 0.6 ppm (low med)"
10/21 @ 0.6 ppm (norm med)

Balmes et al. (1987) Mouthpiece — 7/8 @ 1.0 ppm
Horstman et al. (1988)° Chamber — 4/12 @ 1.0 ppm

- ___.___u__,._____'.__.._.______._.-.-.-_____—__u—_-_—-_l_ ——— o ———— D —— - " e p— b
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3Medication use indicates that the subject either took their own medication or else requested medication from the
investigators conducting the study.

l"'Sul:jet':ts prescreened as earlier having at least 100% increase in SRaw in response to SO, at 1.0 ppm.

®Medication use data obtained from Hackney et al. (1988) may not agree with independently provided

individual data.
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Many asthmatic subjects take medication to relieve the symptoms and functional
responses associated with exacerbations of the disease. The most commonly used of these
medications (beta agonists) also inhibit responses to SO,. Thus, there have been suggestions
that asthmatic persons may be protected from responses to SO, because of medication that

they would have used in any case. However, several lines of evidence suggest that this is

not likely the case.

Mild asthmatic persons who constitute the majority of asthmatic individuals, use beta
agonists on an as needed basis. Even once a week use exceeds the norm for such
individuals, as discussed in Section 2.2. Only about 20% of moderate asthmatic persons
regularly use inhaled bronchodilators, the most effective medication in minimizing SO,
responses. Even among moderate asthmatic persons on regular bronchodilator therapy (oral
and inhaled), compliance with medication use ranges from 50% to 70%. Thus one third to
one half of regularly medicated asthmatics do not take all prescribed medication. National
Heart Lung and Blood Institute guidelines indicate that daily bronchodilator use suggests the
need for additional therapy. Indeed there is some suggestion that excessive use of beta-
agonists leads to a worsening of asthma status (Sears et al., 1990b; van Schuyk et al., 1991).
The frequency of use of medication prior to outdoor exercise is unknown. Furthermore

there are a substantial number of individuals with EIB who are not aware of the need for or

benefits of treatment (Voy, 1984).

45 MODIFICATION OF SULFUR DIOXIDE RESPONSIVENESS BY
OTHER AIR POLLUTANTS |

The effect of prior ozone exposure on response to SO, was examined by Koenig et al.
(1990) in 13 allergic adolescent asthmatic individuals. A 45-min exposure to 0.12 ppm
ozone caused a modest and transient exacerbation (from a 3% decrease to an 8% decrease) of
FEV, response to 0.1 ppm SO,. Ozone does produce an increase in nonspecific bronchial
responsiveness (NSBR); these observations may reflect a change in NSBR due to ozone or an
additive effect of ozone, SO,, and exercise. The importance of these observations, from a
risk assessment point of view, depends upon the prevalence in the ambient environment of
the sequential occurrence of elevated levels of ozone followed by SO, peaks. However, the

. possibility that stimuli such as ozone that may cause changes in NSBR and may also alter
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responses to SO, is important because other non-specific stimuli (e.g., cold air, exercise,
etc.) may occur in temporal and spatial proximity to increased levels of SO,.

The effects of prior NO, exposure on SO,-induced bronchoconstriction has been
examined in two other studies (Jorres and Magnussen, 1990; Rubinstein et al., 1990). Jorres
and Magnussen (1990) exposed 14 mild to moderate asthmatic subjects to 0.25 ppm NO; for
30 min while breathing through a mouthpiece at rest. There were no changes in SR, as a

result of the exposure. After the exposure, airways responsiveness to SO, was assessed by

eucapnic hyperpnea of 0.75 ppm SO, using stepwise increases in ventilation; the initial level
was 15 L/min with subsequent increases to 30, 45 L/min, and so forth. After each 3-min
period of hyperpnea, SR,,, was determined. The ventilation of SO, required to produce a
100% increase in SR,,, (PV00SR,«[SO,]) was estimated using interpolation of ventilation
versus SR, (dose-response) curves. The PVoSR,(S0O,) was significantly reduced after
NO, exposure compared to after filtered air exposure, suggesting that the airways were more
responsive to SO, as a result of the prior NO, exposure. However, misrcéponse 1S not
specific to SO, as other studies have 'suggested increased nonspecific bronchial

'esponsweness in subjects exposed to NO, (Folmsbee 1992).
Rubinstein et al. (1990) exposed nine asthmatic subjects to 0. 30 ppm NO, for 30 min

(including 20 min light exercise). There were no sxgmﬁcant effects of NO, exposure on lung
function (single breath nitrogen washout, SR,,,, FVC, FEV,) or respiratory symptoms,
although a slight increase in SR,,, was observed as a result of exercise. After exercise,

an SO,-bronchoprovocation test was administéred, but using a different technique than Jérres
and Magnussen (1990). Increasing amounts of SO, were administered by successive
doubling of the SO, concentration (0.25, 0.5, 1.0, 2.0, 4.0 ppm) at a constant, eucapnic
hyperpnea of 20 L/min, maintained for 4 min. Specific airway resistance was measured after
each step increase in SO, concentration. The concentration of SO, required to increase SR,
by 8 units (PDg,SO,) ‘was interpolated from a dose-response curve of SO, concentration
versus SR,,. The PDg SO, was 1.25 + 0.70 ppm after air exposure and 1.31 £ 0.75 after

NO, exposure, indicating no mean change in responsiveneés to SO,. Only one subject

showed a tendency toward increased responsiveness to SO, after NO, exposure.
The contrasting findings in these two studies are somewhat puzzling because the

subjects of Rubinstein et al. (1990) were exposed to a higher NO, concentration and
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slightly niore severe .

induced by exercise in the Rubinstein et

SO, (i.¢., the subjects may have been in a refractory state).
_increased Vg at constant SO, Versus

al. study may have interfered with the response to
Finally, the different method of

could contribute to the increase in SR,,, (Deal et al., 1979; Eschenbacher and Sheppard,

1985). Thus, although similar, the two SO, challenges are not necessarily comparable.

50 SUMMARY AND CONCLUSIONS
:ons reached in the 1986 Second Addendum have been supported

by subsequent research.
in repeating them here. However, the newer studies

supplement, and there is little point
tion useful in drawing conclusions of

reviewed in this supplement provide further informa
' term (<1 h) SO, NAAQS.

DURATION/HISTORY AS SULFUR DIOXIDE

imes et al., 1987; Horstman et al., 1988) have shown that airways

Two new studies (Ba
little as 2 min exposure at

resistance changes resulting from SO, exposure can occur with as

SO, levels ranging from 0.5 to 1.0 ppm. Significant changes were

at 1.0 ppm and with 3 min exposure at 0.5 ppm. These observatio
brief exposures to high concentrations, which may be masked by ambient SO, monitoring

procedures using averaging times of 1 h or greater, can have detectable health consequences.
1987: Roger et al., 1985) evaluated the effects of prior

seen with 2 min exposure

ns clearly indicate that

Other studies (e.g., Linn et al.,

exposure to SO, on the magnitude of b
exposures. Prior exposure history to SO, over the course of several weeks (as opposed to

several hours) was found to be largely irrelevant in determining responsiveness to later SO,

owever, the response to a second exercise period was diminished 1n com
d within a 1-h SO,

ronchoconstriction responses to subsequent SO,

exposures. H

t0 initial bronchoconstriction observed in response 0 a first exercise perio
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als with

moderate or severe disease. One new study (McManus et al., 1989) of older (> 55 years)
mintrinsic® asthmatic individuals suggests that they may experience bronchoconstriction with

mouthpiece SO, exposure while resting. Another study (Linn et al., 1987), while indicating

similar relative responses to SO, among mild and moderate asthmatic subjects, demonstrated
larger absolute Increases in airway resistance among the moderate to severe asthmatic
subjects. While current studies are suggestive of greater SO, responsiveness among those
asthmatic patients with more severe disease, this issue cannot be unequivocally resolved.
However. because of the lower baseline function in moderate and severe asthmatic persons,
especially those lacking 0pt1mal medication, any effect of SO, would further reduce their

lung function toward levels that may become cause for medical concern.

53 RANGE OF SEVERITY OF SULFUR DIOXIDE RESPONSES

Efforts have been made to help characterize the range of severity of respiratory effects
exhibited by asthmatic subjects in response to SO, exposure, and some of these were
discussed in earlier sections of this Supplement. Many of the newly available studies provide
substantial additional information that is helpful in delineating the range of severity of SO,-
induced respiratory responses. For example, two additional studies support the concept
advanced by Horstman et al. (1986) of the estimation of a median response to SO, among
asthmatic individuals. Results from the studies by Linn et al. (1987) and Jorres and
Magnussen (1990), using relatively large groups of subjects, are consistent with the
estimation of Horstman et al. (1986). These data suggest that the average asthmatic
mdmdual will experience increased airway resistance (i.c., at least a doubling of baseline
resistance) with exposure to 0.75 ppm SO, for 10 min while performing moderate exercise.
Numerous factors can modify these responses, as noted previously in the Second Addendum

(U.S. EPA, 1986), and there is a broad range of response among asthmatic individuals.




|||||||||||||||||||

In the earlier Second Addendum (U.S. EPA, 1986), a table was presented which
defines a continuum of responses of increasing severity and concern in asthmatic subjects.
A modification of this table is presented below as Table 8. In Section 4.2 of this

supplement, the range of responses among asthmatic subjects exposed to SO, was discussed.
Although most asthmatic subjects tested in studies reviewed here had only relatively mild

increases exceeding 50 units, FEV decreases (corrected for exercise response) exceeding

20%. the presence of marked wheezing and breathing discomfort, and the need for

medication to resolve these symptoms. Such responses, in the most sensitive subjects, which

would be considered to be severe or incapacitating according to definitions of increasing
severity in Table 8, likely constitute adverse health effects. Also, tables contained In
Appendix B matenials provide further detailed, quantitative analyses of combinatioﬁs of
respiratory function effects, severity of symptoms and post-SO, exposure medication use, by

-which to estimate percentages of mild or moderate asthmatic subjects that experience SO,-
induced responses that meet Table & criteria for moderate, severc o1 incapacitating
respiratory effects. Based on the Appendixl B analyses, it is clear that (a) substantial
percentages of mild and moderate asthmatic subjects experience combinations of lung

- function changes and respiratory symptoms at 0.6 or 1.0 ppm SO, that meet the criteria in
Table 8 for severe or in;apacitating effects and (b) the magnitude of the observed SO,
responses for such individuals clearly exceed the range of daily average variations in lung
function or responses to other stimuli (i.e., cold air, exercise) often experienced by them.
It is also notable that up to 15% of mild or moderate asthmatics experienced sufficiently

~ severe lung function changes and/or respiratory symptoms at 0.6 or 1.0 ppm 802 sO as not
to be able to continue to maintain moderate exercise workload levels under the SO, exposure
conditions or to have to terminate SO, exposure entirely—in contrast t0 none requiring

reduced workloads in response {0 comparable exercise alone.

45




TABLE 8. COMPARATIVE INDICES OF SEVERITY OF RESPIRATORY EFFECTS

. Gradation of Response Seventy
Type of Response  None - Mild Moderate Severe Incapacitating
Change in SR,,, No change Increase <100% Increase up to Increases more Increases much
200% or up to than 200%, greater than 300%
15 units or more than or total SR,
o 15 units exceeds 50 units”
Change in No change <10% Decrease of Decrease >20%  Decrease much
spirometry 10 t0 20% ~ greater than 20%
- (FEVy g, FVC) ~or <50%
| predicted.
Duration of effect/ NA ' Spontaneous Spontaneous Bronchodilator Possible emergency
treatment needs recovery recovery <1 h required to resolve treatment required
<30 min symptoms if persistent
Symptoms No Mild respiratory Some wheeze  Obvious wheeze, Severe breathing
respiratory  symptoms, or chest marked chest distress
symptoms no wheeze or tightness tightness, breathing
chcst tlghmess distress
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"SR.,, units are cm H,0 Lt S'l - L

Source: Modified from Figure 7 on page 4-7 of U.S. EPA (1986).

54 MODIFICATION OF SULFUR DIOXIDE RESPONSE BY ASTHMA
MEDICATIONS

Asthma medications can reduce or eliminate the airway resistance increase in response

to SO, exposure. The most effective medications appear to be beta, sympathomimetic
medications, such as albuterol or metaproterenol. Cromolyn sodium, a ‘nonspeciﬁc mast cell
degranulation inhibitor, given in therapeutic doses will partially or completely prevent
bronchoconstriction in response to SO, exposure. Other standard asthma medications such as
inhaled steroids or methylxanthine medications appear to be less effective. Withdrawal of
normal asthma medication causes degradation of baseline lung function but does not
necessarily increase the response to SO,, although this has not been studied exfensively.

In the two investigations where patients on "normal medication” (mainly theophylline) were
~exposed to SO,, there did not appear to be any protective effect (Koenig et al., 1989; Linn
et al., 1990). Specifically, the SO, responses were similar whether the patients were using
medication or not, although baseline function was depressed by the absence of regular

medication.
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Only anecdotal information on medication use after SO, exposures was mainly available
from studies earlier rcviewéd in the Second Addendum (U.S. EPA, 1986). That information
~ indicated that a few of the most sensitive asthmatic individuals exposed at 0.5 or 0.6 ppm
SO, during moderate exercise required medication after such SO, exposure, but not after
comparable exercise levels in clean air (se¢ Table 7). Newer studies reviewed in this

supplement have more systematically evaluated medication use as a response endpoint of

clinical significance. Two of the newer studies Linn et al. (1988, 1990) found no greater

proportions of subjects to require medication use after 0.3 ppm SO, exposure than after clean

air exposure at comparable exercise levels. On the other hand, additional new information
presented from recent studies conducted by three different laboratories (Balmes et al., 1987;

Horstman et al., 1988: Linn et al., 1988, 1990) indicates that many asthmatic individuals

(who either withheld medication prior to SO, exposure or did not normally require

medication) did need medication due to severity of responses after exposure to SO, at 0.6 or

1.0 ppm. However, in some cases, a substantial number of asthmatic subjects also needed
medication following clean air exercise exposure as well (Linn et al., 1990); in the study
reported by Hackney et al. (1988) and Linn et al. (1990), for example, approximately half of
the asthmatic subjects used medication after 0.6-ppm SO, exposure, but among those ori a
reduced (low) fnedication regime, approximately the same number used medication following
the exercise-alone exposure. Overall,'the available published findings point toward more
substantial percentages of individuals likely requiring medication use after SO, exposure

>0.6 ppm than at exposure concentrations of 0.5 ppm or below (as is also indicated by the

more detailed Appendix B Smith memo analyses of raw data from the 1988 and 1990 Linn

et al. studies).

5.5 MODIFICATION OF SULFUR DIOXIDE RESPONSIVENESS BY
OTHER AIR POLLUTANTS

One new study by Koenig et al. (1990) reported that prior exposure to ozone at the
current NAAQS level (0.12 ppm, 1 h) causes a transient moderate éxacerbation of lung
function decrements due to a later exposure to 0.1 ppm SO,. However, the particular results
make it difficult to separate out clearly the degree of nonspecific bronchial responsiveness

. due to O; alone or to combined effects of 0,, SO,, and exercise.
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Other pollutants may also modify the response to SO, exposure, although currently
available evidence is still inconclusive. More specifically, NO, may also possibly increase
responses to SO, in asthmatic individuals. One study by Jorres et al. (1990) appears to
provide indications of increased responsiveness to SO, after pﬁor NO, exposure, whereas a
second study by Rubenstein et al. (1990) failed to find analogous NOZ exacerbation of SO,

effects. This may have been due to somewhat older and slightly more severe asthmatic

bronchial responsivenesS may also increase airway responses to SO,.

5.6 HEALTH RISK IMPLICATIONS .
Based both on earlier criteria evaluations (U.S. EPA, 1982a.b,c,d, 1986) and the

present supplemental assessment of more recent findings on SO, respiratory effects, several
salient points can be made with regard to implications of the reviewed findings for assessing
health risks associated with ambient SO, exposures. First, it 1s now clear that, whereas
healthy nonasthmatic individuals are essentially unaffected by acute (<1 h) exposures to SO,
at concentrations of O to 2 ppm, even very brief (2 to 10 min) exposur¢s of asthmatic.
subjects to SO, concentrations at or below 1.0 ppm can cause detectable respiratory function
changes and/or symptoms—if such exposures occur while the subjects are sufficiently active
to achieve breathing rates typical of at least moderate exercise (i.e., 30 to 50 L/min). Given
this fact, mild to moderate asthmatic persons are much more likely to be at risk for
experiencing réspiratory effects in response to ambient SO, exposures than are those with
chronically severe asthma. The individuals with severe asthma, by definition (NIH, 1991;
see Table 1), have very poor exercise tolerance with marked limitation of activity and,
therefore, are less likely to engage in sufficiently vigorous activity (exercise) so as to achieve
requisite breathing rates for notable SO, respiratory effects to occur.

Of key importance, then, for criteria development purposes is the characterization of
exposure-response relationships for the induction by SO, of respiratory function changes and
symptoms in mild to moderate asthmatic subjects and to provide a framework which will
assist in determining which SO, responses may be of sufficient magnitude and severity so as
to be of significant health concern. The health significance of SO, fespiratory effects can be

evaluated in terms of several criteria, such as: (1) the point at which substantial percentages
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~ of SO, exposed asthmatic subjects experience respiratory function changes or symptoms that
exceed usual daily variations or responses to other commonly encountered stimuli (e.g.,
exercise, cold/dry air, etc.) that trigger bronchoconstriction and other asthma symptoms,
(2) whether the responses evoked by SO, are sufficient to require reductions in exercise
workloads, termination of the SO, exposure entirely, use of asthma medication after the SO,

exposure, and/or seeking of medical attention: and (3) the persistence of the observed acute

SO, exposure effects and/or their relationship to any other more serious chronic health

impacts.
Collectively, the foregoing analyses of exposure-response relationships and severity of
acute (<10 min) SO, exposure effects in asthmatic subjects suggest the following:

(1) Overall, the responses to SO, demonstrated by controlled laboratory studies of
exercising asthmatic subjects are similar in many ways to effects evoked by other
commonly encountered non-specific stimuli (such as exercise, cold/dry air,
psychological stress, etc.). That 1s, bronchoconstriction and/or respiratory
symptoms occur with rap 14 onset after exposure (within 5 to 10 min.), but
typically the acute-phase bronchoconstriction and any accompany ing symptoms
reverse on their own within 1 to 2 h and are not followed by additional late-phase
responses (often much more S€verc and dangerous) that typify asthmatic reactions
to more specific stimuli (¢.g., polien, dust mites, Or other biocontaminants).
Moreover, the acute-phase responses to SO, are followed by a short-lived
refractory period and can be prevented or ameliorated by inhalation of beta-

agonist aerosol medications. On the other hand, it has been well documented 1n
numerous studies that SO, may interact with weather factors (e.g., cold/dry air)
and/or exercise to cause exaggerated bronchonstriction and accompanying
symptoms when asthmatic individuals are exposed to sufficiently high SO,
concentrations while engaged 1n exercise of sufficient intensity to require oronasal
breathing. Of particular concern arc a subset of asthmatic individuals that appear
to be hyperresponsive to SO, in displaying dramatically greater-than-average
bronchoconstriction and more marked symptomatic responses at given SO,
concentrations than do most other potentially affected asthmatic persons.
Quantitative estimation of SO, concentrations at which notable numbers
(percentages) of such SO,-sensitive asthmatic subjects display bronchocontriction
responses and symptoms of sufficient magnitude or severity t0 be of health

concern is discussed below.

(2) At most, only about 10 to 20% of mild or moderate asthmatic individuals are
likely to exhibit lung function decrements in response to SO, €Xposures of 0.2 to
0.5 ppm during moderate exercise that would be of distinctly larger magnitude
than typical daily variations in their lung function or average changes in lung
function experienced by them in response (o other often encountered stimuli, e.g.,
comparable exercise levels alone and/or cold/dry air. Furthermore, it appears
that only the most sensitive responders might experience sufficiently large lung
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(3)

function changes and/or respiratory symptoms of such severity as to be of
potential health concern, leading to disruption of ongoing activities (e.g.,
reduction or termination of physical exertion), the need for bronchodilator
medication, or seeking of medical attention. If so affected, however, it is also
likely that use of bronchodilator medication would be effective in rapidly
ameliorating the affected individual’s distress or that the SO,-induced effects
would be short-lived (i.e., less than a few hours; usually less than 1 h). Further,
although the persons’ symptoms, however brief, may be perceived by some as an
"asthma attack”, it is unlikely that many would seek emergency medical treatment
(i.e., physician or hospital visit), given the rarity with which such individuals
normally respond in such a fashion to other "asthma” events (as discussed in
Section 2.1). Also, given the refractory period found to exist after SO,
exposures, it would be less likely for the individual to experience notable
responses upon reexposure to SO, within the next several hours after the initial
exposure, should they choose to resume physical exertion after amelioration or

cessation of any initial SO,-induced distress.

In contrast to the above projected likely consequences of ambient exposures to
0.2 to 0.5 ppm SO, of mild or moderate asthmatic persons, considerably larger
lung function changes and respiratory symptoms of notably greater severity would
be expected to occur due to exposure of such individuals to SO, concentrations of
0.6 to 1.0 ppm while physically active. That is, substantial percentages (220 to
25%) of mild or moderate asthmatic individuals exposed to 0.6 to 1.0 ppm SO,
during moderate exercise would be expected to have respiratory function changes
and severity of respiratory symptoms that distinctly exceed those experienced as
typical daily variation in lung function or in response to other stimuli, e.g.,
moderate exercise or cold/dry air. The severity of the effects for many of the

responders, furthermore, are likely to be sufficient to be of concern, i.e., to cause

disruption of ongoing activities, use of bronchodilator medication, and/or possible
seeking of medical attention. Again, however, for those thusly affected,
bronchodilator treatment would likely lead to rapid amelioration of the distress or
it would be relatively transient (not more than a few hours) and unlikely to
reoccur if reexposure to SO, occurred within the next several hours after initial
exposure. Also, the intensity of distress is much more likely to be perceived as
an "asthma attack” than would be the case for most 0.2 to 0.5 ppm SO, effects,
although it still would appear to be relatively unlikely that the short-lived
symptoms would be sufficient to cause many to seek emergency medical attention
for reasons noted above.

(4) The relative health significance of the above types of responses is difficult to

judge. However, the degree of concern for effects of the magnitude and severity
expected at 0.6 to 1.0 ppm SO, exceeds that for those responses likely to be seen
with 0.2 to 0.5 ppm exposures of physically active asthmatic individuals. For

most mild to moderate asthmatic persons, effects induced by acute, brief (2 to

10 min) exposures to SO, at such concentrations (<0.5 ppm) would generally be
barely perceptible (if perceived at all) and not of any medical concern. For a few
others among the most sensitive responders, responses may be of such magnitude
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and severity to be viewed as more than a mild annoyance—although the resulting

 distress would probably be short-lived even if not treated with medication and has

not been demonstrated to be a harbinger of any more serious, chronic health
sequelae. At 0.6 to 1.0 ppm SO,, on the other hand, the effects per se are more
likely to be of sufficient magnitude and severity for 220 to 25% of mild or
moderate asthmatic individuals to be both perceptible and thought of as being of
some immediate health concern. If such effects were to be experienced often in
response to ambient SO, exposures, then the degree of concern would increase.
Therefore, the likely frequency of occurrence of such SO,-induced effects is one
of the factors that should be considered in determining the public health

 significance of ambient SO, exposures.

The possibility exists that bronchodilator medication use before engaging in
physical exercise might prophylactically protect against the above types of effects
due to SO, exposure during physical exertion. This may be true for some
asthmatic individuals, but given relatively low medication usage compliance rates
for many mild or moderate asthma patients (see Section 4.4 and Appendix B
Smith memo), pre-exercise bronchodilator use may not occur (and, therefore,

offer protection) for many potentially affected sensitive individuals. For a large

number of mild asthmatics with normal baseline lung function or well controlied
moderate asthmatics on a regular regimen of medication, SO, probably represents
a limited public health concern, in that exposure is unlikely to reduce their lung
function below a critical level that would be of immediate medical concern.
However, many moderate asthmatics who come from families with lower
socioeconomic status may not have adequate access to the health care system,
may have poor compliance for medication use (possibly based on limited
availability of medication) and may thus be prone to frequent deterioration of
their lung function. Such individuals would be at increased risk from SO,
exposure because of their potentially poorer baseline level of lung function in
addition to the likelihood of exposure to additional airway irritants (€.g., NO,,
cockroach antigen, and dust mite antigen). Exposure of unmedicated moderate

~ asthmatics to SO, could cause additional deterioration of lung function that could

be cause for medical concern. In evaluating the possible frequency with which

mild to moderate asthmatic persons may be sufficiently affected by SO, exposures
so as to disrupt their normal daily activities, attention should be focussed on

exercise levels). Greater concern would exist for SO, effects in that fraction of
adolescent or adult mild or moderate asthmatic population segments who regularly
exercise outdoors (e.g., jogging, tennis, etc.), are involved with outdoor athletics
(e.g., high school sports), or are employed in occupations requiring frequent
increased physical exertion. Similarly, children with mild to moderate asthma
may also be of concern, given the tendency for children to generally be much
more physically active than adults.
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5.7 POPULATION GROUPS AT RISK
As lnghhghtcd above, mild or moderate asthmatlc children and physically active
adolescents or adults with mild or moderate asthma clearly represent population segments

likely to be at special risk for potential SO, exposure effects.
In addition, certain minority group (e g Black, Hlspamc) individuals mlght be

increased asthma mortality rates observed among non-white population groups. Nor have
epidemiologic evaluations of possible SO, effects on asthma rates in New York City’s

"asthma alley" areas (Brooklyn, Harlem) found evidence of significant associations between

either 24 h average SO, concentrations Or briefer 1 h SO, excursions above 0.1 ppm and
increased visits to hospital emergency rooms for asthma (Goldstein and Block, 1974,
Goldstein and Arthur, 1978; Goldstein and Weinstein, 1986). Lastly, Heath et al. (1984)
found no 51gmﬁcant differences between respiratory function changes of 10 African
American and 12 Caucasian methacholine positive asthmatic male subjects in response to
controlled exposure to 1.0 ppm SO, while exercising, although both groups showed
significant (p < 0.04) increases in total respiratory resistance following the SO, exposure.
Another population group that could be hypothesized as being at increased risk for SO,
effects are atopic allergic individuals, based on reports (e.g., by Koenig et al., 1987, 1988)
of allergic adolescent subjects showing similar responses to SO, as mild asthmatic subjects.
However, the allergic adolescent subjects with exercise-induced bronchospasm (EIB) shown
by Koenig et al. to have a similar response {0 SO, as mild asthmatics would be considered
by many experts to fall into the diagnostic category of mild allergic exercise-induced
asthmatics (see Clean Air Scientific Advisory Committee, 1993, transcript). In the clinic
population from which Koenig et al. (1987, 1988) drew these subjects, the incidence of EIB
among allergic adolescents is reported to be approximately 40% (Kawabori et al., 1976).
However, Custovic et al. (1994) found no EIB among children with allergic rhinitis and
atopic dermatitis. The difference in incidence of EIB in these two groups of allergic subjects

is most likely due to criteria used for diagnostic classification rather than a real population
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difference in incidence of EIB. As noted in Section 2.1, there may be a number of

undiagnosed asthmatics and a number of subjects without asthma who have exercise-induced

bronchospasm. In the process of estimating the number of persons potentially at risk to be

affected by ambient SO, exposure, this uncertainty regarding the incidence of SO, sensitivity

in the population should be considered.
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